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exothermic heated casting technology for. the manufacture of low- 
cost, directionally-solidif ied, uncoolexi turbine blades for aas 
turbine engines. The program was conducted as part of the 
Materials.- for Advanced. Turbine Engines (MATE) Program under 
Contract NAS3-20073. 
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INTRODUCTION 


The NASA Materials for Advanced Turbine Engines (MATE) Pro- 
gram is a cooperative effort with industry to accelerate intro- 
duction of new materials into aircraft turbine engines. As part 
of this effort, AiResearch was authorized under NASA Contract 
NAS3-20073 to develop a new technology for manufacturing low-cost 
direcUonally-solidified uncooled, cast turbine blades -to reduce 
cost and fuel consumption in. the TFE731-3 Turbofan Engine. The 
process development performed included, those efforts required to 
carry the technology from the previously demonstrated feasibility 
stage through component demonstration by engine test. Portions 
of the overall effort included process scale-up, alloy evalua- 
tions, mechanical property generation, hardware procurement, and 
full-scale engine testing to evaluate potential benefits. 

This report constitutes Volume 1 of a two-volume Project 
Completion Report presenting the results of the investigations 
and tests performed under MATE Project 1, Low-cost Directionally- 
Solidified Turbine Blades. This volume covers . all Project 1 
tasks with the exceptions of full-scale engine testing and post- 
test analysis, which are the subjects of Volume 2 of this report. 


The intent of Project 1 was to develop a process to produce 
directionally-solidified, solid, uncooled turbine blades and to 
design and substitute this blade for the hollow, air-cooled, 
conventionally-cast turbine blade utilized in the high-pressure 
turbine of the Garrett AiResearch TPE731-3 Turbofan Engine. The 
project goals associated with this substitution were; 

(1) A reduction in engine specific fuel consumption (SPC) 
of at. least 1.7 percent; 


1 


(2) A reduction- in engine manufacturing costs of at 
least 3.2 percent? 

(3) A reduction- in engine. weight of at least 1 percent; 

(4) A reduction in engine maintenance costs of at least 6.2 
percent. 


Project 1 was subdivided 


into the following seven tasks: 


Task I 
Task II 
Task III 
Task IV 
Task V 
Task VI 
Task VII 


“ Casting Technology 
“ Alloy/Process Selection 
Property Characterization 
“ Blade Design 
“ Component Manufacture 

- Engine Test 

- Post-Test Analysis 


in Task I, the exothetmic directional-solidification (DS) 
process was adapted to economically cast solid high-pressure tur- 

eerhi MAR-m 247 for the TFE731-3 Turbofan Engine, and 

establish the levels of mechanical properties attainable. 

L“792tL*"' 'I' Jr 

IE 792tHf, and NASA-TRW-R, were evaluated as exothermically cast 
DS blades, and all except IE 792+Hf were selected for subsequent 
test comparison. An improved heat treatment for mar-m 247 incor- 
porating a higher solution heat- treatment temperature was also 
eveloped. in Task Hi, mechanical and physical properties of DS. 
castings of the three selected alloys were further evaluated to 
provide allowable stress levels for a redesigned turbine blade. 
Mechanical properties determined included creep-rupture 
strengths, tensile strengths, and high- and low-cycle- ^^tig:: 
reng s. Concurrently, Task IV was accomplished to adapt the 
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report Volume 2 of this 



disk, and design the blade airfoil and- blade root to he». 
modate the stress-rupture ^ ^ ^ accom- 

of the chosen alloys to the ^e«t. ^ and other properties 

ture Of the hardwal relir^dt^ ''' 

ing was accomplished engine test- 

demonstrated a castability probll alloys, 

dropped from the project. Turbin! ^ therefore 

remaining twa.alloys, mar-h 242 and l^R 

tested. mar M- 200+Hf, were engine 
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SUMMARY 


The project accomplishments included the development of the 
exothermically-heated, directional-solidif icatibn casting pro- 
cess into a viable process for producing solid TPE731-3 high- 
pressure turbine blades.- High quality directionally-solidified 
blades of the new design were cast in the MAR-M 247 and 
MAR-M. 200+Hf alloys. These blades were finish processed through 
heat treatment, machining, and coating operations for the engine 
test described in Volume 2 of this report. The blade cost por- 
tion of the engine manufacturing cost goal of this project was 
achieved with projected volume production costs for the solid DS 
blade being 58-percent of the cost of the cooled equiaxed INIOO 
blade. The engine weight reduction goal can be achieved in a 
turbine redesign by eliminating the retainer plate used to 
deliver the blade cooling air and redesigning the disk. These 
changes were not incorporated in the engine test configuration 
since reduced cooling air was required to utilize a production 
Waspaloy disk thus avoiding a new disk design and/or material. 
The long-term maintenance cost goal is expected to be realized by 
the substitution of a more rugged, solid airfoil for the thin 
walled, cooled blade currently used. This design provides more 
resistance to foreign object damage (FOD) and more capability for 
being recoated. The elimination of cooling air and the cooling 
air circuit also avoids many operational problems over the life 
of an engine. 

Task I of the project established a directional- 
solidification casting process for solid MAR-M 247 high-pressure 
turbine blades employing an exothermically heated ceramic mold. 
Key process elements established were the mold design, a furnace 
ignition technique for the exothermically-heated molds, and 
improved quality requirements for the exothermic material. Base- 
line tensile and stress-rupture strengths for DS MAR-M 247 tur- 
bine blades were determined. Good reproducibility was shown for 
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the results o£ tests on 0a78-cm (0.070-lnoh) gauge diameter 

minibars maohinetl £rom the DS blades (MFB). This.MPB mlnibar was 

hue used for all-subsequent tensile and stress-rupture testing 
in this- proDect. ^ 


hi casting process developed in Task-I, tur- 

b ne blades and test slabs o£ four nickel-base alloys (MAR-m 247 

in '‘ASA-thw-R) were suooeas£ully cast 

btvir , ® Ptooess. yields and selected mechanical, snd 

physical properties were determined for castings o£ the four 

DuriL*'ir ® study was conducted. 

During the course of Task II, the IN ,792tH£ alloy was dropped 

t auv =ttess-rupture strength was substan- 

tially lower than those of the other three alloys. A solution 
eat-treatment temperature of 1505»K (2250»P) was found to pro- 
duce more uniform and higher stress-rupture lives. in MAR-M 247 DS 
astings than did the 1494"K (2230-P) treatment previously, used.. 

and '"T in 9reater detail, the mechanical 

RASA-tTrds HAR-M 247, MAR-M 200eH£, and. 

rubtulri r end stress- 

hlLe lire^tL:::' transverse 


ProperL“rrrrK mechanical 

props ties Of the strong DS cast alloys was developed in Task iv. 

final developed early in the project, and a 

final design, more thoroughly analysed for the engine test condi- 

flLt i '^he uncooled final design blades, modi- 

£ cations wore made to the turbine disk, nossle, and other tur- 
ne section components of the TFE731-3 Engine. 


In Task Wf the DS tuc&ine blades and other unl<^ue components 
for the engine test were manufactured. During the casting of 
these- blades,, a "hot tear" castability problem with - the 
NASA-TRWrrR alloy was encountered. The NASA-TRW-R alloy was thus 
eliminated from further consideration, and only MAR-M 247 and 
MAR-M 200+Hf blades. -were processed into engine test parts. 
Approximately three-fourths of the finish-processed blades— were 
MAR-M 247. 

Task VI subjected the DS-cast tujrbine blades, to engine test- 
ing in a modified .TPE731-3 Turbofan Engine. Post-test evalua- 
tions of the engine-tested turbine blades were performed in Task 
VII. The engine testing and the post-test evaluations are 
reported separately in Volume 2. of this Project Completion 
Report. 



TASK I ~ CASTING -TECHNOLOGy. 

Exothentiically-Heated Casting System 

The objective of T^sk I was to develop the capability to 
produce controlled- directionally-solidified grain structure in 
the uncooled high-pressure turbine blade for the test engine. 
The low-cost, exothermically-heated casting system was selected 
to p<'. duce the turbine blade. This process was selected based on 
the success achieved in prior contract work performed by Detroit 
Diesel Allison foa: the Air Force Materials Laboratory. A 
schematic of this process is shown in Figure 1. 

With this casting process, a lost-wax ceramic mold is manu- 
factured that is open at the top for receiving the molten metal, 
and- is also open (in a flat plane) on the bottom. After dewax and 
firing this mold is fitted inside a preformed refractory sleeve 
and surrounded with a suitable high-firing temperature exothermic 
material. The exothermic material is packed around and over the 
tops of the airfoil mold and gating, leaving the top and bottom 
'openings of the mold exposed. The mold assembly is then heated 
by the heat released from ignition of the exothermic material to 
a temperature above the melting point of the alloy to be cast. 

Prior to pouring, the hot mold assembly is placed on. a 
water-cooled copper chill that provides. a bottom closure for the 
mold. This chill establishes a very, steep temperature gradient 
in the mold cavity. Since the bottom closure of the mold cavity 
is formed by the chill, very rapid nucleation will occur in the 

molten metal that directly contacts the chill as the metal is 

poured. Nucleation is prevented in portions of the mold at 
greater distances away from the chill since heat released by the 
exothermic material maintains the local mold temperature above 

^^^Kanaby et al, "Directional Solidif cation of Super alloys” j 
AFML-TR-77-126, September 1977. 
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Figure 1, Simplified Schematic of Exothermically-Heated 
Directional-Solidification Casting Process 




the melting point of the alloy. Therefore, those grains 
nucleated at the chill plate that have a crystallographic 
orientation favorable for rapid grain growth in the direction of 
the mold temperature gradient quickly develop a columnar grain 
structure that is perpendicular to the chill. In the case of a 
turbine blade casting, parallel grains lof (100) crystalline 
direction] grow in the spanwise direction of the blade. 

This columnar growth continues as long as the vertical 
temperature gradient is steep enough to, preclude nucleation of 
new grains ahead of the advancing solidification front. The 
extent of growth of these columnar-or iented grains is limited 
only by the relationship of the rateof heat extraction through 
the- solidified metal behind the advancing solidification front, to 
the rate of heat loss from the mr>lten metal ahead of the solidi- 
fication front. The grain growth pattern in the casting will 
revert to an cqulaxed structure at some distance away from the 
chill after the rate of heat extraction downward through the 
casting is not significantly larger than that in some other 
direction (for instance, horizontally through the mold wall). 

Turbine bl.ades can be cast with controlled solidification 
that produces a completely columnar structure with grain 
boundaries parallel to the major stress axis in the root and air- 
foil. This provides increased operational blade?* temperature 
capability due to the absence of grain boundaries normal to the 
direction of highest stress that would ordinarily provide a 
preferred stress-rupture fracture path. 
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Process Development- 

tte conclusions .resulting from, the Cost/Benefit 
Analysis performed by AiResearch as part of the MATE Program 
was that solid DS cast turbine blades offer superior cost and fuel 
economy relative to cooled - turbine blades for small engines^ 
Achievement o£ these advantages is dependent upon the development 
of a low-cost manufacturing process that provides effective con- 
trol over desired blade characteristics. A major objective, of 
Task I was to demonstrate the technical and economic advantages of 
the exothermic .casting process. The demonstration was performed 
under subcontract to AiResearch in a commercial foundry- 
Jetshapes, Inc.., Rockleigh, N. J. (Jetshapes) . The goal of the 
Task I activity performed by Jetshapes, was to evaluate casting 
process variables for the establishment of a controlled process 
for use in subsequent tasks. This was accomplished by manufactur- 
ing trial castings followed by evaluation of their quality and 
mechanical properties, and then developing preliminary process 
controls. 


Casting tria ls and results. The Task I casting trials 
utilized the nickel-base alloy MAR-m 247 for the casting of 15 
molds of blades and test bars. Each-mold provided a minimum of 15 
hlade castings and 4 test bars. Among the process variables eval- 
uated were mold temperatures, metal temperatures, shell thickness, 
exothermic material weight, exothermic material distribution, and 
proceasang time- 


Wax patterns for the existing TFE731-2 equiaxed uncooled 
blade designs were utilized in the first 12 molds because of 
pattern availability and presumed similarity to .the airfoil design 


~ 

Comey,D, "Cost/Benefit Analysis, Advanced Material 

Aircraft Gas Turbine Engines; N 
CR135265 {AiResearch 21-2391), September 1977. 


NASA 
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that would ultimately^ be engine tested. The final 3 molds . of 
castings were produced- f com injected wax patterns utilizing the 
initial TFETSl-S.-ljlade ..design established under Task IV, 

The baseline mold system-utilized throughout this program was 
the Colal-P* alumina-flour binder developed by Detroit Dieael- 
Allison^^^. This binder minimizes metal-mold reactions in the 
prime (first), coat that contacts the molten metal during the pourT* 
ing process. The back-up coats, which give the mold its basic 
strength and heat conductivity characteristics, were Jetshapes 
conventional silica-bonded alumina-silicate mold system. 

Evaluations of a more conventional silica-bonded zirconium- 
silicate prime coat, in conjunction with standard back-up coats, 
were conducted during the program because of the relatively short 
useful shelf life of the Colal-P binder. However, a measurable 
decrease in the surface quality of castings, as evidenced by fluo- 
rescent-penetrant inspection, was always noted with the zirconium- 
silicate prime coat as a result of reactions between the molten 
metal and this prime coat in the DS casting process. The Colal-P 
binder shelf life problem has been reduced to an acceptable level 
by using plastic liners in all mixing and storage containers. The 
“gelling" of this binder is accelerated by contact w ith ferrous 
materials used for containers. 

1. Molds 1 and 2. The initial mold was cast with the exist- 
ing "best practice" casting procedure based on previous 
AiResearch-f unded development work. The mold design, as adapted 
to the TFE731-2 high-pressure turbine blade design, had 5 radial 
spokes with a central downsprue and pouring cup as shown in 
Figure 2. Four blades, with the airfoil chords parallel, were on 

^Registered trademark of £.1. DuPont de Nemours and Company 

' 'Kanaby et al, "Automated Directional Solidification of 
Superalloys," AFML-TR-75-150, 1975) 
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TEST BARS 


Figure 2 



MOLD BOTTOM DIAMETER: 
no INCHES), APPROXIMATE 


25.4 CM 


. Task I straight Spoke Mold Configurat 








each of 4 spokes, with the fifth spoke having six L.SBV-cm (0.625- 
inch) diameter test bars. This test-bar spoke was ''Y” shaped to 
accommodate the two additional parts. The mold was cast with the 
blades in a root-down orientation. 

Mold No. 2 was conf-igured to evaluate the effect of an in- 
line airfoil chord arrangement to provide contact of the exother- 
mic material against a larger surface area on the blade root and 
airfoil as compared to the parallel-chord arrangement. Due to the 
limiting diameter of the insulating sleeve used during exothermic 
firing. This chord-in-line arrangement required that each of the 
5 spokes be wound in a spiral shape as shown in Figure 3. 

Molds 1 and 2 were packed with standard-size (2.5 x 1.9 x 1.3 
cm (1 X 0.75 X 0.5 inch)] Exomet Isogard* briquets inside an 
insulation sleeve. The assembled mold with the exothermic 
material was then preheated in a gas-fired furnace to 1144®K 
(1600®?) for 30 minutes to attain a uniform elevated temperature 
for the entire assembly, and to lessen possible thermal shock 
during ignition. The molds were removed from the furnace and the 
exothermic material was torch-ignited at the top. The entire 
assembly was covered with an insulated "can" and the exothermic 
process allowed to continue. Based on visual observation, the 
"burn" was complete in approximately 8 minutes for each mold. The 
mold was placed on a water-cooled copper chill in the vacuum-mold 
interlock 15 minutes aft-er ignition of the exothermic, and the 
metal was poured after a 3-minute chamber pump-down time. 

The copper chill for these two molds had been newly resur- 
faced with a shallow-groove, diamond-shaped 0.317-cm (0,125-inch) 
grid pattern for increased contact area with the casting. This 
grid pattern did not incorporate draft in the grooves, and conse- 
quently, the solidified castings were tightly locked into the 

♦Registered trademark of Exomet, Inc. 
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TEST BARS 



MOLD BOTTOM DIAMETER: 
(10 INCHES), APPROXIMATE 


2S.4 CM 
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Figure 3. Task I Spiral Spoke Mold Configuration 
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chill. The mold material and exothermic cinder had to be broken 

off to remove the individual castings from the chill. The chill 

was subsequently reworked to provide adequate draft in the 

machined grooves. 

All individual castings from Molds 1 and 2 were macroetched 
for t^ain structure evaluation. None of the blades from Mold 1 
had an acceptable grain structure. This was due to nucleation of 
grains in the root at a considerable distance above the chill and 
from the air foil -trailing edge. However, the grain structure of 
the test bars was considered acceptable.. Six of the 16 blades 
from Mold 2 had a reasonably controlled columnar grain structure, 
and all the test bars were acceptable. Four of the blades cast in 
Mold I are shown in Figure 4. It was evident that the temperatures 
employed during the casting process were too low, especially at 
the blade cavities next to the mold canter. 

2. Molds 3 and 4 . For Mold 3 (straight spoke) and Mold 4 . 
(spiral spoke), the hold time after exothermic material ignition 
was decreased, and the pour temperature was increased to increase 
the casting yield. In addition, based on observations of the 
exothermic cinder from Mold 2, small pieces ll.9-cm . (0.75-inch) 
maximum dimensions] of. exothermic briquets were used to fill mold 
4 to above the top of the blade to improve the packing density, 
particularly for the innermost blades. Standard size briquets 
were used to fill the remainder of the mold to 7.5 to 10 cm (3 to 4 
inches) above the top of the test bars. Mold 3 was filled with 
standard size briquets in the same manner as Mold 1. 

Each mold was preheated and ignited using the same procedure 
as was used with Molds 1 and 2. However, as soon as visible flames 
stopped coming from the bottom of the pack, the mold was placed in 
the vacuum mold interlock and the metal was poured after pump- 
down. This reduced the ambient air temperature exposure time 
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Figure 4. Task I, Mold 2 Blades Showing Good Grain Structure in 
Blade "C3'‘ with Undesirable Grain Structure in the 
Other Three Blade Castings 
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a£t.er ignition by 7 to 8 minutes. The molds were also poured with 
the metal, temperature approximately 28®K (50"F) higher than the 
pouring temperature for Molds 1 and 2. 

The grain evaluation of these castings showed that the 
increased mold and metal temperature resulted in improved columnar 
structare, but further process modification was considered neces- 
sary to improve the grain structure to an acceptable level. A 
photograph of castings from Mold 4 is presented in. Figure 5. 

3. Molds 5 and 6 . Based on the results of -the first four 
molds cast, it was felt that, with the exothermic ...mater iai and 
shell system utilized, the mold had not reached, a sufficiently 
high temperature for completely satisfactory directional solidi- 
fication. The 30-minute preheat period at 1144*K (1600®P) may 
have caused a gradual degradation of the exothermic material by 
partial oxidation of metallic constituents, resulting in a 
decrease in available heat energy. 

Molds 5 (straight spoke) and 6 (radial spoke). were then cast 
utilizing direct-furnace ignition at 1366“K (2000®F) . This pro- 
cedure was evaluated as a means of ensuring maximum. thermal energy 
distribution in the mold. Mold 5 was the first to be cast with 
this method. Eight and one-half minutes were required at 1366**K 
(2000*P) for exothermic igntion to be detected. The mold was left 
in the furnace for an additional 3 minutes and then removed. Six 
more minutes elapsed before the visible flames terminated, and the 
mold was placed in the vacuum chamber for metal pouring. Mold 6 
was then cast following the same procedure. Seven and one-half 
minutes were required in the furnace for ignition, the mold burned 
for 5 minutes in the furnace, then was removed and burned an addi- 
tional 5 minutes before being placed in the vacuum chamber for 
pouring. 
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Figure 5. Task I, Mold 4 Blades Showing Straight Columnar 
Grains in Castings '‘C3" and "C4” 
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Evaluation of the grain structures of castings from these two 
molds confirmed that the 1366“ K (2000“E) furnace ignition aided in 
obtaining better columnar grain control as shown in Figure 6. 
Results also indicated that it was of benefit to retain the mold 
in the furnace for a longer time after ignition. 

Evaluation of the burned. exothermic material indicated that a 
much higher temperature had been obtained as compared to the pre- 
vious molds preheated at 1144“K (1600“F) . Evidence in support of 
this conclusion was the nearly total fusing of the individual 
briquets into a monolithic mass in the outer radial regions of the 
mold. However, nearer the center of the mold cluster, tempera- 
tures attained during the burn appeared considerably lower. This 
was evidenced by briquets near the center downsprue and in contact 
with the center blade cavities. These briquets had sagged some- 
what from their original shape and sintered to adjacent briquets, 
rather than fusing into one continuous mass. It was felt that 
these physical indications of maximum temperature correlated well 
with the quality of columnar grains obtained on the individual 
castings from the central to outer locations. 

The ratio of the mass of exothermic material to the local 
mass of heat-absorbing mold material was believed to be a major 
factor in producing these temperature differences.— It was there- 
fore decided that the ceramic mold material in the bottom half of. 
the downsprue decreased the potentially available space for exo- 
thermic material at the center of the cluster, and also acted as a 
large heat sink. 

In addition, there were indications from the fillout and 
grain structure in the individual blade castings that the rate of 
fill for the airfoil cavities varied along individual spokes, as 
well as from spoke-to-spoke in a given mold. The slowest fill was 
at the center of the cluster on the spokes with the highest runner 


19 




INTERlOFt. 


aUTSlOE 






V<»fB 


W 


Task I, Mold 5 Blade Castinqs Showina Desirable Grain 
Structure Near the Outside “A" Castinq of the Mold 

"D^^Castinqs Nucleation in the Interior 


t 







connection on the downspruo. The blades cast with the apparent 
slower fill rate gave . the largest angular deviation of columnar 
grain orientations. This indicated that a better control of grain 
growth could be obtained if a faster fill could be achieved, 

4. Molds 7 and 8 . To correct the problems observed with 

the Molds 5 and 6 castings, the mold assembly was redesigned to 
eliminate the center downsprue below the pour-cup level, and to 
provide an increased cross-sectional area of cunners and in-gates 
for faster filling of each mold cavity. Mold 7 (straight spoke) 
and Mold 8 (spiral spoke) were fabricated in this fashion, and 
both of these molds were packed with exothermic material and fur- 
nace-ignited at 1366® K (2000®P) (the same technique as used with 
Molds 5 and 6). Molds 7 and 8 both required 8 minutes to ignite, 
ano were left in the 1366®K (2000*F) furnace for the first 5 

minutes of the exothermic burn. An additional 7 . minutes were 
required for the flaming to cease and for transfer to the copper 
chill in the vacuum chamber before pouring. 

Evaluation of the grain structures of castings in Molds 7 and 
8 indicated the changes made in mold design had allowed the mold 
to reach a sufficiently high temperature to produce good columnar 
grain structure in all but two blades. However, castings from 
both molds had indications of gas evolution due to a manufacturing 
problem associated with mold firing in a gas-fired furnace that 
inadvertenly had a reducing atmosphere. This eventually produced - 
silicon-monoxide (SiO) on the inside of the mold. The SiO sub- 
sequently was evolved as a gas when the metal was poured in 
vacuum;, this apparently restricted the fill in some mold cavities, 

5, Mold 9 . Mold 9 (straight spoke) was cast to evaluate 
the feasibility of using the Jetshapes-produced zircon face coat 
in place of the previously used higher thermal-conductivity 
alumina system. This mold was poured using the same design and 
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casting procedures used for Mold 7* An evaluation of the grain 
structure of the castings from this mold Indicated that very good 
columnar growth was obtained, but a degradation in casting surface 
quality was visually detected. 

Mold 10 . . Mold 10 (straight spoke) was prepared and 
poured in essentially the same manner as Mold 7,. Representative 
examples of the grain orientation produced in Mold 10 are pre- 
sented in Figure 7. The grain structure of these castings have 
the desired longitudinal directional orientation. Surface shrink- 
age on the blade platforms was observed. This was characteristic 
of prior molds cast with the blade-root down. 

7. Molds 11 and 12 . Molds 11. and 12 were the last molds 
produced using the TFE731-2 blade waxes. To eliminate the plat-- 
form surface shrinkage characteristics of prior molds cast with 
the blade-root down, these molds were cast with the blade-root up, 
and as anticipated, this change eliminated the platform shrinkage. 

Erratic ignition behavior of the exothermic material, was 
observed on Molds 11 and 12. These molds failed to ignite after 
r,he usual time in the 1366*K (2000“P) furnace. To obtain satis- 
factory castings, the exothermic material in these molds was torch 
ignited. Subsequent testing of this exothermic material indicated 
substantially different ignition characteristics from the mate- 
rial used on the prior 10 molds. 

Examination of the castings made in Molds 11 and 12 indicated 
that uniform directional solidification of the grains was not 
achieved from blade root to tip. The "sort-out" zone between the 
randomly-oriented grains nucleated at the chill and the desired DS 
grains extended into the upper portion of these airfoils. This 
was primarily the result of two factors: (1) inadequate mold tem- 
perature due to erratic performance of the exothermic material, 
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Figure 7. Task I, Mold 10, Spoke "B" Macroetched Blades Showing 
Consistent Directional Grain Orientations 



and (2) clow pouring o£ the molten metal into the molds resulting 
in some loss o£ the needed superheat. Despite these problems, 
sufficient satisfactory directionally-solidified grain structures 
were obtained in blades from Moldu 11 and 12 to permit machining 
and testing of sound test specimens, 

8, Molds 13, L4 and 15. These molds were made from new waxes 
of the preliminary uncooled blade design established in Task IV. 
The waxes were designed with smoothly-transitioned extensions of 
both root and tip to permit the cas-ting of blades in either root- 
down or root-up positions. Figure 8 shows injected waxes for the 
conventional. TFE731-2 blade and the wax for the preliminary 
uncooled_TPE731-3 blade design. 

The casting problems experienced with Molds 11 and 12 
resulted in process adjustments prior to casting the last 3 molds. 
New exothermic material from Exomet and a rapid pour rate were 
used to ensure adequate mold preheat and molten metal superheat on 
all molds. On Mold 13, each spoke of 4 airfoils had a different 
starter block and/or in-gate configuration as shown in Figure 9.. 
Spoke 1 had 2.54 x 12.7 x 3.81-cm high (1.0 x 0.5 x 1.5-inch high) 
rectangular starter blocks to fit the airfoil tip extensions. 
Spoke 3 had 1.50-cm (0 .625-inch), diameter by 3.81-cm (1.5-inch) 
high round starter blocks for tip extensions. Spoke 4 had paired 
airfoils cast from large rectangular starter blocks and twin in- 
gates . 

The process changes resulted in good DS grain patterns that 
were uniform on all of the castings of Mold 13. The airfoils pro- 
duced on Spokes 1, 2, and 3 were to blueprint contour, but 
residual stresses induced in the paired airfoil castings of Spoke 
4 caused them to twist out of limits after knockout from the 
chillplate and cut-off from the runners. A hairline crack in the 
Mold 13 shell resulted in some metal leakage and a lack of com- 
plete fill in a few castings. 
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9* Task I, Mold 13 Wax Assembly fox fhs Pxeliminaxy 
Design of the Uncooled TPE731-3 Blade in the 
Root-Up Position. 



Molds 14 and 15 had the same design as Mold 13, including the 
stacteir blocks. These molds were poured to establish the tepro*" 
ducibility of the Mold 13 processing, and to evaluate a lower 
silica-content binder for the casting shell. The introduction of 
this new binder was imposed- upon Jetshapes because the supplier of 
the previous binder material discontinued its production. The new 
binder produced a thinner shell than the previous binder, and 
after pouring, it was discovered that a small amount of zinc-oxide 
impurity in the .. new exothermic, material had reacted with the 
thinner shell and caused localized mold deterioration. This 
thinner shell mold also exhibited localized cracking at-sharp cor- 
ners on the square starter blocks and along airfoil trailing 
edges. The thinner shell also slightly upset the good thermal 
balance achieved in Mold 13. 

The grain structure of castings produced in Molds 14 and 15 
had satisfactory directional orientation in the turbine blade air- 
foils and roots. A few stray grains nucleated and grew in the 
risers attaching the blade roots to the in— gate system. 

Exother mic behavior . The exothermic material utilized during 
Task I was "Isogard Nuggets". This briquet-shaped material is a 
special blend of iron oxide taken from mill scale and iron ore, 
with aluminum-metal particles and silicate- binders. When the 
briquets are heated to a sufficiently high temperature in air, 
molten aluminum-metal particles start reducing the iron-oxide 
particles to a lower oxide state or to metallic iron, accompanied 
by a considerable release of heat energy. A free flow of an 
oxidizing atmosphere through the porous exothermic pack is neces- 
sary for the reaction to proceed to completion. With heat losses 
external to the mold minimized, the reaction is capable of pro- 
ducing temperatures of 2033**K (3200«F) in the briquet pack. The 
actual temperatures achieved during Task I were slightly lower as 
a result of the heat sink capability of the mold system. As a 
minimum, sufficient heat energy must be supplied by the preheat 
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atmosphere:) and the exothermic reaction to raise the mold face-coat 
to a. temperature above the melting point_of- the alloy to be cast. 
This requires a reasonably uniform distribution of the exothermic 
material within the mold. The gating system was designed to 
ensure that the local distribution of exothecjtiic material was 
adequate to preheat the mass of the adjacent mold material to 
maintain the requ-ired local, vertical temperature gradients during 
casULng solidification. 

Several problems encountered during Task I were associated 
either directly or indirectly with the exothermic material. An 
early objective was. to develop a preheat cycle using a gas-fired 
furnace to supply part of the required heat energy. This would 
permit an increase in the total packing density of blade and test 
bar molds to a maximum in the available space as a result of the 
need for a smaller quantity of exothermic material. It was found 
that long preheat times at moderate temperatures [e.g. 1144* K 
(1600*F)] prior to ignition of the exothermic material actually 
reduced the amount of available exothermic heat due to a gradual 
degradation of the exothermic material by partial oxidation of 
metallic constituents and a slowed reaction of the aluminum with 
the preheat atmosphere. The use of higher preheat temperatures 
tended to promote very rapid self- ignition at the surface of the 
exothermic material before adequate time had elapsed for the pre- 
heat temperature to penetrate deeply into the mold assembly. 

The best process evolved included a 1366*K (2000*P) gas-fired 
preheat furnace, with an oxidizing atmosphere. This preheat level 
resulted in self-ignition at the top of the exothermic pack in 5 
to 7 minutes. The entire exothermic reaction was then allowed to 
proceed to completion within the 1366*K (2000*P) furnace prior to 
transfer of the mold to the vacuum casting furnace. 
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an additional ptoblam manUaated-an occasional appearance 
yejlow particles on the mold surface caused by a metal-mold 
reaction in local areas, and penetration of the mold by the molten 
alloy. Through chemical analysis, this problem was traced to a 
z nc-oxide... Impurity In the . Iron ore used In manufacture of the 
exothermic material. The supplier was able to eliminate this 
problem by use of ore that did not contain sine oxide. - 

, Mg- g - hantcal-property evaluations, with the exception of Mold 
, which did not yield satisfactory blade castings, individual 
lade castings and separately cast test bars were selected from 
each mold for machining into test specimens- for use in mechanical- 

”'^'=•'^'’^"9 test specimens, all- 

of the blade castings and separately cast test bars were solution 

treated at 1494-K (2230-P) for 2 hours, and subsequently aged at 
K asOO'P) for 20 hours. The machined-from-blade (mpb) 
(mini-bar) test specimens had a 0.178-cm (0.070-inch) gage 
diameter and a 0.762-c« (0.300-inch) gage length configured as 
Shown in Pigure 10. The location, with respect to the complete 
ade casting, of the material slug removed for machining the 
mini-bar test specimen is presented in Pigure 11. Test specimens 
machined from separately cast test bars (SCTB) had a standard 
. -cm (0. 250-inch) gage diameter and 3.18-cm (1.25-inch) gage 
length as shown in Pigure 12. These specimens were machined from 
the as-cast 1.587-cm (0.625-inch) diameter test bars. 

The MPB mini-bar and SCTB test specimens were subjected to 
the following testss 

o Room- temperature tensile 


o 1033®K (1400’»P) tensile 

o 1033»K (1400T) stress-rupture at 724 and 758 MPa (105 
and 110 ksi) 
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Figure n. Longitudinal Orientation of Machined Mini-Bar Test 
Specimen with Respect to Exothermically-Cast 
DS TPE731-2 Turbine Blade 






o 1255*K (1800'‘'F) stress-rupture at 207 and 221 WPa (30 
and 32 ksi) 

Mechanical test results generated in Task I are summarized in 
Tables I through V, 

Table I lists . the stress'^^rupture test results of the MFB 
mini-bar specimens. Stresses were selected to produce failure in 
approximately 100 hours. The 221 MPa (32 ksi) stress level shown 
in Table 1(c) for the 1255®K (1800®F) tests- on MFB mini-bar test 
specimens from Molds 7, 8 and 9 were inadvertently used in lieu of 
the intended 207 MPa (30 ksi) stress level. Stress-Trupture lives 
were determined for mini-bars machined from the remaining molds at 
1255®K/207 MPa (1800®F/30 ksi) as listed in Table 1(b) and for 
mini-bars machined from all molds at 1033*K/724 MPa (1400“F/105 
ksi) as listed in Table 1(a). 

Table II lists the test results of stress-rupture tests on 
specimens machined from separately cast test bars. The combined 
data, shows excellent consistency in rupture lives, and excep- 
tionally high ductility at the two test conditions. The data also 
shows good correlation between the MFB mini-bar tests and the 
SCTB tests at the 1255*K (IBOO^F) temperature level. Lives here 
at 221 MPa (32 ksi) averaged 50.1 hours for minibars and 52.4 
hours for SCTBs. 

Table III presents comparative test data obtained on standard 
test specimens machined from separately cast test bars of conven- 
tionally-cast equiaxed MAR-M 247. These conventional castings 
were made from one of the heats used to produce the DS castings. 
Lower rupture lives and ductility are evident at 1255®K (1800 F) 
when compared to the DS casting test data shown in Tables 1 and II. 
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TABLE I. TASK I STRESS-RUPTURE TEST RESULTS ON DS CAST MAGHINED- 
FROM-BLADE TEST SPECIMENS 

[Test specimens machined from exothermically cast DS MAR-M 247 
blades after heat treatment at 1494“K (2230“P) for 2 hours and 
1144®K (1600®F1 for 20 hours.] 


Mold 


[a] 


Specimen 



Rupture 
ti 


Elongation, 

percent 


Tests at l033°K/724 MPa (1400'»F/105 ksi) 


A 



12.8 

19.5 

32.1 

46.7 

18.1 

23.5 

147.0 

9.3 

14.6 

205.1 

19.1 

22.9 

52.5 

5.0 

12.6 

100.1 

19.0 

25.6 

197.4 

19.8 

22,5 

269.9 

27.6 

31.2 

202.0 

14.1 

18.5 

192.3 

20.5 

25.3 

76.1 

13.3 

20.5. 

64.0 

12.3 

18.8 

95.2 

10.9 

22.9 

25.7 

10.6 

24.1 

87.4 

12.4 

19.0 

184.8 

18.8 

28.5 

150.1 

12.0 

15.2 

29.6 

16.3 

25.0 

24.1 

10.8 

12,8 

160.3 

9.3 

18.4 

15.9 

11.7 

17.5 

133.9 

13.8 

19.0 

179.3 

16.8 

18.6 

137.3 

17.4 

24.1 

130.7 

15.2 

28.9 

125.5 

15.6 

22.7 

134.0 

17.5 

27,6 


B 











TABLE I . (GONCLODED) 


Mold 

Specimen 

Rupture 

time, 

hours 

Elongation, 

percent 

Reduction 
o£ area, 
percent 

(b) 

Tests at 

1255*^/ 207 MPa (1800*F/30 ksi) 

2 

A 

99.2 

25.7 

52.6 

2 

B 

72.1 

26.6 

48.4 

3 

A 

91.1 

27.9 

44.6 

3 

B 

71.4 

21.3 

40.0 

4 

A 

80.9 

28.4 

52.6 

4 

B 

81.3 

34.8 

43.6 

5 

A 

97.6 

39.7 

56.5 

5 

B 

84.7 

26.4 

51.0 

6 

A 

79.2 

19.3 

48.9 

6 

B 

91.7 

32.8 

46.7 

10 

A 

79.1 

36.5 

48.4 

10 

B 

95.4 

45.3 

56.7 

11 

A 

86.6 

31.0 

47.1 

11 

B 

74.0 

29.1 

45.8 

12 

A 

68.1 

28.2 

39.0 

12 

B 

74.8 

29.7 

47.0 

13 

A 

73.6 

24.8 

47.0 

13 

B 

69.4 

15.2 

34.1 

14 

A 

68.6 

32.6 

57.4 

14 

B 

69.1 

22.0 

41.0 

15 

A 

74.1 

23.5 

42.8 

15 

B 

68.7 

21.4 

47.0 

(c) Tests at 

1255“^/ 221 MPa (1800* 

F/32 Hsi) 

7 

A 

56.4 

18.3 

50.6 

7 

B 

46.4 

17.9 

47.0 

8 

A 

52.7 

16.1 

46.8 

8 

B 

49.5 

17.6 

51.0 

9 

A 

47.0 

19.4 

48.2 


48.6 


L 


17.3 


46.8 


B 

















TAUU; II. TASK I 6TBRSS-RUPTUHB TKST RE3Ut-TS ON DS CAST SEPARATELY 
CAST TEST SPECIMENS 

(Tost spocimonn itifichinod from oxothornticAlly cast DS MAR~M 247 
separaLely cost test bats after heat tceatmont at 1494*K 
(2230»E) for 2 hours and 1144“K (1600*E) for 20 hourj.) 

Reduction 

Elongation, of area, 



Rupture 

time, 

Elongat ion. 

old 

hours 

oercent 


Testa at 1033»K/75B MPa 


as. 5 12.7 

83.9 13.6 

as. 2 16. S 

106.6 14.2 

148.6 13.7 

107.8 15.4 

95.0 18.2 

109.1 20.6 

95.7 20.6 

140.0 19.7 

91.1 16.9 

86.9 15.0 

133.0 17.4 

111.9 IS. 7 

123.8 17.7 


Tests at 1255*K/ 221 MPa 


(14tlQ«P/110 kai) 

1 17.8 


I 23.1 
(1800»F/32 ksl) 

61.7 

53.9 
60.0 

59.1 

59.3 

55.4 

60.5 
5 7. .9 

59.4 

55.7 

61.9 

59.7 

63.5 

65.2 
59.0 


TABLE III. TASK 1 STRESS-RUPTURE TEST RESULTS ON CONVENTIONALLY 
CAST EQUIAXKD MAR-M 247 TEST SPECIMENS 

(Test specimens machined from separately cast trst bars of 
conventionally cast cquiaxed MAR-H 247 made from one of the 
heats used to produce the DS castings. | 


Bar 

t^upturo 

time, 

Elongation. 

Reduction 
o£ area. 

no* 

hours 

potcent 

percent 


(a) Tests at 1033°K/758 MPa (1400°P/110 ksi) 


64.8 

4.5 

75.1 

5.0 


(b) Testa at 1255 ”k/ 221 MPa (1800"P/32 ksi) 


20.3 


10.5 

15.3 

10.1 

IB. 9 





















TABLE IV.- TASK I TENSILE TEST RESULTS ON DS CAST MACHINED"FROM-BLADE 
TEST SPECIMENS 


[Test specimens machined from exothermically cast DS MAR-M 
247 blades after heat treatment at 1494*K (2230®P) for 2 
hours and 1144*K (1600*P) for 20 hours.) 




Ultimate 

tensile 

0. 2-Percent 


Reduction 



strength. 

yield strength. 

Elongation, 

of area. 

Mold 

Specimen 

MPa (ksi) 

MPa (ksi) 

percent 

percent 


(a) Tests at Room Temperature 


3 

A 

1136 

(165) 

914 

(133) 

12.2 

14.4 

4 

A 

1163 

(169) 

891 

(129) 

11.9 

14.8 

5 

A 

1036 

(150) 

834 

(121) 

11.4 

17.7 

5 

B 

991 

(144) 

822 

(119) 

12.8 

15.9 

6 

A 

1093 

(159) 

871 

(126) 

11.6 

17.2 

6 

B 

1067 

(155) 

849 

(123)_ 

10.5 

15.5 

D 

A 

1160 

(168) 

878 

(127) 

3.1 

8.5 

n 

B 

1149 

(162) 

820 

(119) 

9.1 

13.8 

H 

C 

9B0 

(142) 

726 

(105) 

14.2 . - 

30.1 

8 

A 

1078 

(156) 

843 

(122) - 

11.4 

17.0 


A 

1070 

(155) 

821 

(119) 

14.9 

26.1 


B 

1109 

(161) 

826 

(120) 

9.6 

18.3 


C 

1025 

(149) 

846 

(123) 

9.0 

17.2 

10 

A 

1179 

(171) 

934 

(136) 

13.0 

15.7 

10 

B 

1049 

(152) 

876 

(127) 

11.6 

13.3 

11 

A 


Failed in 

threads 

on loading 

— 

11 

B 

950 

(138) ' 

829 

(120) 

9.1 

13.1 

12. 

A 

1016 

(147) 

881 

(128) 

10.4 

13. 2 

12 

B 

823 

(119) 

814 

(118) 

2.2 

9.5 

13 

A 

1005 

(146) 

894 

(130) 

8..2 

10.9 

13 

B 

1034 

(150) 

940 

(136) 

5.0 

10.0 

14 

A 

1118 

(162) 

880 

(128) 

11.7 

13.2 

14 

B 

1000 

(145) 

841 

(122) 

12.6 

17-5. 

15 

A 

1082 

(157) 

874 

(127) 

13.4 

14.8 

15 

B 

989 

(143) 

820 

(119) 

13.5 

19.3 






















TABI.B IV. (CONCLUDED) 


Ultimate 
tensile 
strength I 
. MPa Ocsi) 


0.2-Percent 

Elongation, 

MP® (Itai) percent 


(b) Tests at 1033»K (1400*P) 


1202 

1153 

1117 

1070 

1181 

1026 

1090 

1093 

1104 

1121 

1076 

1034 

1010 

1116 

1209 

1172 

1050 


1145 

1170 

1260 

1105 

1072 

1141 

991 

1145 


2 (174) 

3 (167) 
t (162) 

3 (155) 

L (171) 

> (149) 

> (158) 

I (159 

(160) 

(163) 

(1561 

(150) 

(147) 

(162) 

(175) 

(170) 

(152) 

Failed in 
(166) 
(170) 
(183) 
(160) 
(156) 
(166) 
(144) 
(166) , 


949 

907 

833 

847 

915 

790 

870 

868 

828 

860 

869 

846 

798 

891 

1019 

991 

854 

threads 

978 

994 

878 

932 

939 

963 

824 

956 


(138) 

(132) 
( 121 ) 
(123) 

(133) 

(115) 
(126) 
(126) 
( 120 ) 

(125) 

(126) 

(123) 

(116) 

(129) 

(148) 

(144) 

(124) 

on loading 
(142) 

(144) 

(127) 

(135) 

(136) 

(140) 

( 120 ) 

(139) 


15.5 
13.9 

16.6 
14.8 
21.2 
15. 0 
21.4 


TABLE V. TASK I TENSILE TEST RESULTS ON DS CAST SEPARATELY 
CAST TEST SPECIMENS 


[Test, specimens machined from exothermically cast 
DS MAR-M 24-7 separately cast test bars after heat 
treatment at 1494*K (2230*P) for 2 hours and 1144-®K 
{160O*F) for ^0 hours, I 


Mold 

Ultimate 
tensile 
strength, 
MPa tksi) 

0.2- 

yield 

MPa 

Percent 

strength, 

(ksi) 

Elongation, 

percent 

Reduction 
of area, 
percent 



(a) 

Tests at Room Tern 

?erature 

1 

1147 

(166) 

856 

(124) 

12.8 

14.8 

2 

1171 

(170) 

864 

(125) 

11.7... 

11.7 

3 

1218 

(177) 

854 

(124) 

12.1 

12.2 

4 

1196 

(173) 

863 

(125) 

12.8 

16.0 

5 

1254 

(182) 

872 

(126) 

13.3 

14.2 

6 

1154 

(167) 

854 

(124) 

13.4 

16. 5 

7 

1172 

(170) 

832 

(121) 

12.5 

16.0 

8 

1182 

(172) 

845 

(123) 

15.0 

16.5 

9 

1131 

(164) 

849 

(123) 

12.0 

16.1 

10 

1231 

(179) 

896 

(130) 

13.1 

14.4 

11 

1153 

(167) 

887 

(129) 

12.9 

16.5 

12 

1232 

(179) 

914 

(133) 

12.3 

13.8 

13 

1170 

(170) 

903 

(131) 

10,9 

15.7 

14,15 



Not tested 





(b) 

Tests 

at 1033“K 

(1400®P) 


1 

1172 

mam 

973 

(141) 

8.3 

12.4 

2 

1121 


880 

(128) 

7.0 

14.2 

3 

1173 


956 

(139) 

13.3 

20.8 

4 

1176 

(171) 

947 

(137) 

13.5 

20.7 

5 

1082 

(157) 

845 

(123) 

16.4 

26.4 

6 

1176 

(171) 

976 

(142) 

10.9 

16.2 

7 

1150 

(167) 

931 

(135) 

16.2 

23.7 

8 

1131 

(164) 

896 

(130) 

12.7 

17.8 

9 

1123 

(163) 

925 

(134) 

2.9 

4.6 

10 

1188 

(172) 

951 

(138) 

13.5 

19.5 

11 

1180 

(171) 

962 

(140) 

11.5 

15.1 

12 

1189 

(173) 

972 

(141) 

12.4 

16.6 

13 

1207 

(175) 

965 

(340) 

11.1 

13.3 

14,15 



Not tested 
















Tables IV and V list the room temperature and 1033®K- (1400“F) 
tensile tests- results for the MPB mini-bar and SCTB test speci- 
mens, respectively, with the exception of several low-ductility 
specimens, the results appear to have normal scatter. The only 
planned tensile data not collected were the tests on separately 
cast test bars from-Molds 14 and 15, Due to metal leaka9e from 
cracks in these molds, some of the test bars did not fill com- 
pletely and the available bars. were used for the stress-rupture 
tests . 

Of the mechanical test data listed in Tables I through V, the 
results from Molds 13, 14 and 15 best represent the capability of 
the process developed in Task I. 

Chemi cal Analyses. Chemical analyses of all blades cast were 
performed to determine: (1) the overall chemistry in the root 
section of the blade, and (2) the hafnium content of the blades in 
the root and airfoil tip sections. 

Table VI lists the results of the bulk chemical analysis, the 
analysis of each of the two MAR-M 247 master heats employed, and 
the material specification limits. Table VI also presents the 
results of hafnium analysis at the blade roots and airfoil tips. 
With the exception of Mold 11, where a spurious root analysis was 
obtained, the reversal of the hafnium gradient for the blades cast 
root-up is apparent. 

Recommended Casting Practice 

A basic set of process control guidelines evolved from the 
MAR-M 247 process experiments of Task I that were considered sat- 
isfactory for casting all four program alloys in Task II, 
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TABL.t VI. RESULTS OF ,«LK CHDlICAL AHALTSES OF TASK 1 EKOlHERfUCALLY CAST f.S MAB-M 247 BLAJJiS 
iCextilieU heat analyses and spec- tication ranges shown for compar i::or.J 
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hafniuai anal/ses at blade roots and airCoil tips. 





































































Wax assembly manufacture. The wax assembly selected for the 
casting, of uncooled TFE731-3 turbine blades consisted of an 
approximately 25-cm (10-inch) diameter cluster of 20 blade waxes^ 
arranged in 5- equally-spaced radial spokes, with 4 blades in each 
spoke, and assembled to a central pouring cup. Each blade was 
placed on top of a 2,54-T.cm high by l,50~ciu diameter (1-inch by 
0.625 inch) cylindrical starter extension, blade-root up. The 
starter extensions were vertically oriented on a wax-covered alum- 
inum plate. The plate initially served as a frame in mold dipping 
operations, and subsequently, as a base plate to form the flat- 
plane bottom surface and. the base flange of the open-bottom final 
DS mold. The blades in each spoke were oriented with their roots 
parallel to each other and perpendicular to the mold spoke axis. 
A short "riser" extension on top of each blade root was attached 
to a common 1.27-cm by 1.27-cm (0.5-inch by 0.5-inch) cross- 
section horizontal runner for each spoke. Each runner was con^- 
nected to the central pour cup by an inverted~"Y"-shaped down- 
gate. An approximate 3.8-cm (1.5-inch) unobstructed space was 
left in the center of the assembly under the pour cup, as well as, 
the space surrounding each 4-blade spoke, to provide open areas 
for packing of exothermic briquets. 

Mold manufacture. The wax assembly was then dipped with the 
Colal-P alumina-flour prime coat, followed by sufficient silicon- 
bonded alumina-silicate back-up dips to produce a 0.635- to 0.825- 
cm (0.260- to 0.325-inch) shell thickness. After autoclave dewax- 
ing, the mold was fired in a gas furnace tc produce the completed 
open-bottom PS mold as shown in Figure 13. 

Casting process. As an initial step in the DS casting pro- 
cess, the mold was placed upright on a metal support plate. A pre- 
formed ceramic-fiber insulating sleeve was placed around the mold 
with the base of the sleeve resting on top of the mold base flange. 
An optical sight tube made of dipped shell material was placed 



through the wall ot the sleeve to provide a reference surface tor 
optical temperature measurements after firing- Sufficient 
thermic briquets were pouted into the insulating sleeve around the 
central open-area of the mold and. around all the blade clus-ters to 
at least 10-om (4.-inohes) above the top runner of the gating sys- 
tem. Approximately 23 kg (50 pounds) of briquets were required. 

me mold assembly was placed into a gas-fired oxidizlng- 
atmosphere furnace stabilized at 1366»K (2000«P). This furnace 
preheat temperature Ignited the exothermic briquets after 5 to 
minutes exposure. The mold was left in the furnace for a total 
time of 15 minutes to permit completion of the exothermic "burn' . 


The preheated mold assembly was removed from the furnace and 
the support plate was- removed. After checking the temperature, 
the mold was. transferred into the casting furnace and placed on a 
grooved, water-cooled copper chill, which had previously been 
covered with a single layer of nickel foil. 

The melting cycle of the casting alloy was performed in an 
isolated induction-heated vacuum-melt chamber. The timing of this 
melting cycle was coordinated with the mold heating cycle so that 
the molten charge could be stabilized at the proper pouring tem- 
perature while the mold chamber was being pumped down. . 

The valve between the two chambers was opened, and the mold 
was pouted at a molten metal temperature of 195“ to 220“K (350“ to 
400“F) above the liguldus temperature of the alloy. The pouting 
took place approximately 25 minutes after the start of the preheat 
cycle. The metal cast was held in place under vacuum on the chill 
for 5 minutes, after which it was removed from the chamber for ait 

cooling prior to shakeout. 
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TASK II - ALLOy/PftOCESS SELECTION 
Scope 


‘T7 — 


The major objectives of Tapk tt i. •, 

. '-'.ives or lask II were to evaluate four allovs 

L"!f I r' -tallurglcal characteristics, and 

aolL h K potential tor use as 

tour nlILi''r°°'*'* turbine blades tor the TPE731-3 enqine. The 
ur nlckel-base-alloys selected for evaluation were! 

(a) MAR-M 247 

(b) NASAttTRW-R 

IN 792+Hf 
(^) MAR=W 200+Hf 

pushed “uh‘th ""d — 

pushed with the aid of Jetshapes, inc. 


Test Material Production 

Of b,Id* f°ur .alloys were used in producinq a total of 16 molds 

ations. These castings were produced i„ qroups of four moLs 
one alloy being used for each group. Similar esothermic L^ru; 

d process controls were employed for each group of molds, ron- 
pr-stent with the Task 1 recommended casting pracLo. 

r:;r:r" 

irsho assembly, and Figure 

13 shows two views of a blade mold fabricated from this "L 

embly. These first four molds were cast to evaluate the 


Task II Preliminary Design TFE731-3 Turbine Bla(?es 


response of the several alloys to the gating and process control 
procedures developed with MAR-M 247 during TasK I. Prior to 
pouring the initial casting, the freezing temperature (cooling 
curve plateau) was checked for each master heat of the four 
alleys. All of the alloys exhibited a freezing plateau within a 
rane e of 17‘’K (30°F) . This range is less than the reproducl- 
hi :ty capability of the optical pyrometer and recorder used in 
tne casting process. Therefore, a single target pouring temper- 
ature of 1755®K (2700®E.) (uncorrected for emissivity and instal- 
lation errors) was used for all four alloys in the initial and 
subsequent Task II castings. 

The first four molds were packed with exothermic, and 
sequentially furnace-ignited at 1366®K . (2000®F) using the proce- 
dures developed in Task I. Ignition times of the exothermic 
material in the gas-fired furnace varied from 4.5 to 7 minutes. 
All of the molds remained in the furance for a total of 15 min- 
utes. They were then removed and. held in air until visible flam- 
ing from the exothermic burn ceased. This. -additional burn time 
varied from approximately 1 minute to 6 minutes, with the longer 
times directly related to a larger percentage of smaller pieces 
of exothermic material in the exothermic pack. Pumpdown, pour, 
cooling under vacuum, and removal from the chill plate were all 
well within the prescribed limits. Generally satisfactory grain 
orientation was obsnrved on castings of all four alloys. 

A second group of four molds, one for each alloy, was cast 
using the same process conti'ols and a second lot of exothermic 
material. Grain etching of the castings made in this group 
revealed significantly poorer grain orientation on all four 
alloys, the probable cause being inadequate heat input from the 
exothermic material. All remaining exothermic material from the 
suspect batch was returned to the supplier and exothermic mate- 
rial of improved quality was procured for use in subsequent erst- 
inqs. The improved material had a minimum burn temperature of 


3050"P, as required by Che Detroit Diesel Allison EMS 197A Speci- 
fication. 

The final eight blade molds were then cast in groups of 
four, one mold per alloy in each group. In addition, eight slab 
molds were also cast, two molds per alloy, to provide test bars 
for ur=e in mechanical testing. Figure 15 shows a typical slab 
mold wax assembly. A new lot of more uniform quality exothermic 
material was utilized for casting these 16 molds. The new lot 
of exothermic material consistently ignited in the 1366“K 
(2000®F) air furnace within 4 to 5 minutes. The total furnace 
ignition time plus exothermic burn time was 15 minutes in all 
cases, consistent with the process control, plan developed during 
Task I. The new lot of exothermic material was found to have a 
lower heat output than the lot used on the first four molds. 
Blades of generally satisfactory growth were, however, cast in 
all alloys with the exception of IN 792+Hf. 

A summary of the mold identification for the four casting 
groups for blades and the two casting groups for slabs is pre- 
sented in Table VII. 


Heat Treatment Studies 

Six different heat treatments w6re employed during Task ll 
as shown in Table VIII. The heat treatments were applied to the 
casting prior to machining mechanical test specimens. Tabulated 
results of the tensile and stress-rupture testing are included 
herein under Task II "Mechanical Teats" in Tables XV through 
XXVIII. 

Evaluation of the Task II mechanical property test data 
resulted in the following observations and conclusionsL, all 
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TABLE VII. SUMMARY OF TASK II MOLD IDENTIFICATIONS 
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TABLE VIII. TASK II HEAT-TREATMENT PROCESS SUMMARY 






















rofnrercocl to tho orjqina]. nominal 1:494®K (2230®F) noluticn 
t.jreatmont temporaturo: 

MAR-M 247 - Room-temporature tensile and yield strengths 
appear to be maximized by the 1505®K (2250*P) solution 
treatment, vrhile similar properties at 1033®K (1400*F) were 
lov^ered by the same solution treatment. Both 1033"K 
(1400 F) and 1255®K (1800“P) stress-rupture strengths were 
maximized by the 1505“K (2250*F) solution treatment. The 
148 3® K {2210“P) solution treatment produced no im.nrovement 
in mechanical properties. 

HAR-F 200-fHf - Tensile properties at room temperature 
appeared to be insensitive to heat treatment, but at the 
1033 K (1400*F) test temperature the tensile properties were 
maximized by the 1494“K (2230“!') solution treatment. Rup- 
ture lives decreased v/ith the 1483®K (2210®F) solution 
treatment at both test temperaturer. The 14S4*K (2230°F) 
and 1505®K {2250®F} solution treatments produced equivalent 
stress-rupture lives. 

WASA-TRW-R - The 1505**K (2250®F) solution treatment lowered 
room-temperature tensile strengths and maximized the 1033®K 
(1400®F) tensile strengths. This was an unexpected trend. 
The 1505®P: (2250“F) solution temperature also moderately 
increased rupture lives at the two test temperatures. 

IN 792+Hf - The 1505®K (2250“P) solution treatment yielded 
slightly higher tensile and rupture strengths than the 
1494®K (2230®F) . The alloy v/as, however, substantially 
weaker than tho other three in stress-ruPture. 

Based on apparent superior re.ults achieved with MAR-M 247 
at the ]505®K (2250®F) soluton temperature, blades were 
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later rolution treated at ISH'K (2275«»F) and 1533»K (2300“F) , with 
the ob:’<ective of determininq the tolerance, of this alloy to solu- 
tion treatment at these higljer temperatures. Figures 16 and 17 
show typical micrjostructures of • DS MAR-M 247 solution treated 
at temperatufos in the range 1483® to 1533®K {2210® to 2300®P) . 
The lov/est temperature is obviously inadequate to solution treat 
primary gamma prime » while at the highest temperature, a small 
amount of incipient melting occurs. Tabulated results of 1255®K 
(1800®F) stress-rupture tests on- specimens treated at these 
higher temperatures are presented herein under "Mechanical 
Tests". A summarv of all Task I and Task II stress-rupture test 
results on DS MAR-M 247 specimens at 1255*^ (1800“F) after 
various solution— treatment temperatures is presented in Table IX. 

Based on review of the overall results of the heat-treatment 
study, the solution temperature of 1505®K (2250®F) was selected 
for application to the alloys cast in Task III. 

Metallurgical Evaluation 


Castings from each of the molds cast during Task II were 
subjected to nondestructive evaluation, chemical analysis, mech- 
anical tests, and itietallurgicaL tests, including grain etch. 

Nondestructive Evalutlon (NDE) . All Task II blade castings 
were macroetched toshow grain orientation, K-rayed, and fluor- 
escent-penetrant inspected. 

Grain etch of the blade castings from the first group of 
four molds, revealed that all four alloys responded well to the 
selected process control procedures. The MAR-H 247 and the NASA- 
TRW-R produced the finest and straightest columnar grain nat- 
terns. The IN 792+Hf grain structure was somewhat coarser but 
v;as still acceptable. The four innermost (center) blades in the 


53 


(a) 1483°K (2210°F) 


(b) 1494°K (2230°F) 



(c) 1605°K (2260®P) 

Figure 16. Typical Microstructures of DS MAR-M 247 Turbine 

Blades Solution Treated for Two Hours at the Indi 
cated Temperatures. Grain Growth Direction is 
Vertical. Railings Etch. (Mag.slOOX) 



.4 



(a) 1519°K (2275°F) 



lb) 1533°K <2300®F) 


Figure 17. Typical Microstructures of DS MAR-M 247 Turbine Blades 
Solution Treated for Tv;o Hours at the Indicated 
Temperatures. Grain Growth Direction is Vertical. 
Railings Etch {Maq.:100X) 
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able IX. SUMMARY -OP TASK tt ioceo« 

test results ^ U800“P) STRESS-RUPTURE 

[Test specimens machined from Ta^k tt ^ *.u 

cast DS MAR-M 247 turbine 

tion treatments.. All were having various solu- 

2 hours at the solutioS quenched after 

1255»k (1800«F) £^ 5 i"®" «P°=ed to 

20 hours at 1144°K (1600»F) ]' ^ cooled-, and aged for 


Solution treatment 
temperature, 

“K (“P) 


Hours to rupture 


Number of tests 


^on.£tudinal ...io otiontation teats .t .07 «Ps ,30 tsi, 


1483 (2210) 
1494 (2230) 
1505 (2250) 
1519 (2275) 
1533 (2300) 


53. 7 


75.1 


51. 0 - 99.2 
85.2- 98.5 
79.9 - 125.0 
79. 7 - 126.8 


Transverse grain orientation tests at 186 


1494 (2230) 
1519 (2275) 
1533 (2300) 


101.3 - 136.7 
97.3 - 173.0 


'02.3 


(27 ksi) 


MAR-M 200+Hf mold exhibited some niisoricnted grains. This uncon- 
trolled nucleation in flash from a hairline mold crack Indicated 
that the local mold temperature was slightly low in the center of 
the mold cluster. 

Grain- etching of the castings made in the second group of 
four molds revealed significantly poorer grain orientation on all 
four alloys. This was caused by Inadequate heat input from the 
exothermic material. This inadequate heat input disturbed the 
thermal balance required to produce good DS castings. Despite 
the relatively poor yield of this group of castings^ most of the 
blades had sufficiently sound, well-oriented grain areas to per- 
mit subsequent machining of test specimens for mechanical test- 
ing . 


Figures 18 through 21 show- typical rr.acroetched blade cast- 
ings selected from the last two laoldc cast from each of the 
alloys. All of the alloys cast showed a good response to the 
•casting process with the exception of IN 792+Hf. All of the 
blades of this alloy reverted from DS to equiaxed grains in the 
root sections in the last two molds cast (Molds 89 and 103) , 
which used the third lot of exothermic material. 

In addition to grain etch, all Task II blade castings were 
X-rayed and fluorescent-penetrant inspected (FPI). The accept/ 
reject standards used were those employed-for solid INiOO TFE731- 

2 high-pressure turbine blades, .the inspections being performed 

by AiResearen production Quality Assurance inspectors. 

A summary of X-ray, FPI, and DS grain inspection results is 
presented in Table X. The yields are presented for each mold of 
each alloy, as well as overall yields for individual inspections 
and for all inspections combined. Combined inspection results 
rank the alloys as follows: 
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PRESSURE SIDE 



SUCTION SIDE 


Figure 18. Typical MAP-m 247 Task II Exothermically Cast 
DS Preliminary Design TPE731-3 Turbine Blades 


T,‘.” - i ® «V,i^ ‘ . 1 . • . < ' > . 


PRESSURE SIDE 



SUCTION SIDE 


Figure 19. 


Typical NASA-TRW-R Task II Exothermically Cast DS 
Preliminary Design TFE731-3 Turbine Blaaes 




SUCTION SIDE 


Figure 20, Typical MAR-M 200+Hf Task II Exothermically Cast DS 
Preliminary Design TPE731-3 Turbine Blades 





SUCTION SIDE 


Figure 21. Typical IN 792+Hf Task II Exothermically Cast DS 
Preliminary Design TFE731-3 Turbine Blades 







(a) MAR-M 247- (best) 

(b) NASA-TRW-R, 

(c) MAR-W 200+Hf - 

(c3)- _IN 792+Hf (poorest) 

Of the three evaluations, the X-ray results would be the most 
r.ifficult to improve. The blades were generally rejected during 
X-ray due to high-density inclusions — presumably hafnium oxides. 
Of the four alloys, the poorest X-ray yield was from MAR-M 
200+Hf — the alloy with the highest hafnium, contents FPI results 
must be considered conservative since no attempt was made to 
blend out any surface defects,, and thus improve yields. The last 
two molds of each alloy were cast with exothermic material with a 
lower heat output than the initial molds, but only the IN 792+Hf 
alloy DS grain structure was affected. The other, three alloys 
exhibited a greater tolerance for variability in the heat output 
of the exothermic material. 

Chemical analyses . Chemical analyses were made of castings 
from all molds. The results of these analyses are shown in 
Tables XI through XIV. These tables also show the material 
source master heat identification and certified chemical analyses 
of the master heats. 

No significant deviations were found in the chemistries of 
the parts versus the chemistries of the master heats, except that 
the parts tended to have lower hafnium contents than the master 
heats. This was true of all the alloys except IN 792+Hf, which 
makes the original certified hafnium content of this alloy sus- 
pect. Tables XI through XIV also include hafnium analyses of the 
root and tip of one blade from each blade mold cast in Task ll. 
The hafnium gradients apparently were lower than the sensitivity 
of the analytical technique, since the consistently higher haf- 
nium level expected at the tips of these blades (cast root up) 
was not demonstrated. 
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MechanlcaJ. testa 


MacMne d f roni Blade. . , a number o£ 

divided into two gtoupn (or heat treatment. The heat treatments 
(summarized in Table VIII) used were as tollowsi 

Treatment At Solution treated at 1494“K (2230“F) for 
2 hours, followed by aging at 1144 " k 
( 1600®F) for 20 hours-. 


Heat Treatment B: 


Solution treated at 1494*K (2230®P) for 
2 hours, followed by a simulated alumin- 
ide coating thermal cycle of 5 hours at 
1255*K (1800"F),. and aging at 1144 "k 
( 1600"F) for 20 hours. 


in Talr^ conforming to the mini-bar configuration used 

botrh / ">cchined from blades fro. 

both heat treatment groups. Bars were machined to provide separ- 

ate specimens with- longitudinal (grain-growth direction, and 

were macTinTd'T”*™ f" ^“"Situdinal specimens 

were machined from airfoil sections of the castings and the 

transverse specimens from the root sections. Tensile tests were 

.-00.) . Btresr-rupture tVsts^rrs r/ur/lt (."o";: 

an^2B.K (IBOCF). The results are presented in Tar: I! 


Table XV test results are presented i, 

were sicMfi t^nsverse-orientation strength, 

ere significantly lower than the longitudinal values. The coat- 

he 'aul:. Significantly affect the strengths of any o. 

the alloys except IN 792tHf. The coating cycle was generally 
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TABLE XVI. TASK II 1033“K (1400'‘F) TENSILE TEST RESULTS 

(Taat apenlinsns machined from exothermically caat OS preliminary 
design TFE731-3 turbine blades, Task II blade caatinc 
Groups 1 and 2.) ^ 


Grain “ Heat b 
orientation treatment 


Ultimate 

tensile 


0 . 2- Percent 


Reduction 

strength,^ yield strength, Elongation, of area, 
MPa.(ksi) MPa fkall 


MPa . (ksi) 


MPa (kal) 


(a) 

MAR-M 247 

997 

(145) 

818 

(119) 

732 

(106) 

1091 

(158) 

952 

(138) 

758 

(110) 

741 

(108) 


(b) NASA-TRW-R 


percent | percent 


66-16 

71-20 

66-16 

71-20 


loss (157) 
1071 (155) 

765 (111) 

796 (115) 


832 (121 
880 (128 
684 (99) 
832 (121) 

914 (133) 
894 (130) 
722 (105) 
738 (107) 


(c) MAR-M 200 +Hf 


65-4 

73-10 

65-4 

73-10 

65-15 

73-17 

65-15 

73-17 


1123 

(163) 

1136 

(165) 

936 

(136) 

761 

(110) 

1117 

(162) 

1120 

(163) 

809 

(117) 

882 

(128) 


872 
901 
790 
709 (103) 

909 (132) 

898 (130) 

702 (102) 

760 (110) 


(d) IN 792+Hf 


64-15 

72-12 

64-15 

72-12 


L s Longitudinal 


871 (127) 

1096 (159) 

1089 (158) 

740 (109) 

960 (139) 


T ■ Transverse 


B r 1494 .*k (2230*PJ I (1600 ‘F) for 20 hours 

fol 20 hoars daoo-F) for 5 hours, and 1144»K (l600*r) 
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TABLE XVII. TASK II 1033«K (1400*P) STRESS-RUPTURE TEST RESULTS 
LONGITUDINAL GRAIN ORIENTATION 

(Test specimens machined from exothermically cast DS 
preliminary design TFB73-1-3 turbine blades. 

Task II blade casting Groups 1 and 2.) 


Specimen 

Heat ^ 

Hours 

to 

Elongation, 

Reduction 
of area, 

no. 

treatment 

rupture 

percent 

percent 


64-5 

72-4 

64-14 

72-10 


I033®K/724 MPa (1400«F/105 ksi) Tests 


MAR-M 247 



A 

79.9 

10.6 

18.1 

A 

12.4 

14.0 

19.0 

B 

55.7 

11.7 

20.2 

B 

53.2 

10.0 

28.9 




NASA-TRW-R 

66-4 

A 

79.1 

9.2 

34.7 

71-6 

A 

29.2 

12.1 

36.9 

66-14 

B 

34.8 

9.6 

26.1 

71-14 

B 

36.4 

11.2 

29.4 

MAR-M 200+Hf 

65-2 

A 

18.2 

6.7 

18.1 

73-8 

A 

77.1 

12.1 

23.9 

65-12 

B 

87.3 

8.8 

21.2 

73-13 

B 

59.4 

11.6 

31.2 


1033‘»K/ 689 

MPa (1400»F/100 ksi) Tests 




IN 792+Hf 




31.7 

25.0 

40.0 
33.5 


A = 1494«K (2230®P) for 2 hours, and 1144*K (1600«F) for 20 hours 

B = 1494«K (2230®F) for 2 hours, 1255®K (1800*F) for 5 hours, 
and 1144®K (1600-'F) for 20 hours 
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TABLE XVIII. TASK II 1033 *K (1400“P) STRESS-RUPTURE TEST RESULTS - 
TRANSVERSE GRAIN ORIENTATION 

(Test specimens machined .from exothermically cast DS preliminary de- 
siqn ■ TFE731-3 turbine bladesi Task II blade casting Groups 1 and 2.) 


Specimen 1 Heat“ Stress, Hours to 

t^atment MPa (ksi) rupture 


65-2 

73-8 

65-12 

73-13 



A 

689 

(100) 

A 

621 

(90) 

B 

689 

(100) 

B 

621 

(90) 



MAR-M 247 


NASA-TRW-R 


A 

689 

(100) 

9. 9 

A 

621 

(90) 

10.2 

B 

689 

(100) 

3.8 

B 

621 

(90) 

21.1 


MAR-M 200+Hf 



IN 792+Hf 


64-5 

A 

72-4 

A 

64-14 

B 

72-10 

B 


Reduction 
of area, 



689 

(100) 

5.0 

4.6 

621 

(90) 

579.1 

6.7 

689 

(100) 

2.6 

9.0 

621 

(90) 

83.3 

10.0 



15.1 

10.9 

25.9 

23.9 


22.9 

38.2 

23.1 

21.4 




26.5 
9.7 

10.9 

13.5 


A = 1494*K (2230*F) for 2 hours and 1144®K (1600®F) for 
20 hours 

B = (2230*F) for 2 hours, 1255*’K (18no“P) for 5 hours, 

and 1144*K (1600*F) for 20 hours 


























TABLE XIX. TASK II 1255»K (1800-F) STRESS-RUPTURE TEST RESULTS - 
LONGITUDINAL GRAIN ORIENTATION 

(Test specimens- machined from exothermically cast DS 
preliminary design TFE731-3 turbine blades, Task II 
blade casting Groups 1 and 2.) 


Specimen 

no. 


64-1 

72-1 

64-13 

72-9 


Heat ® 

Hours 

to 

Elongation, 

treatment 

rupture 

percent 


Reduction 
of area, 
percent 


1255“K/207 MPa (1800°g/30 ksi) Tests 


MAR-M 247 



20.1 

18.2 

14.1 

7.8 


nasa-trw-r 


66-3 

A 

71-1 

A 

66-10 

B 

71-13 

B 



39,0 


MAR-M 2001-Hf 



1255 0K/193 MPa (l800°F/28 ksi) Tests 


IN 792+Hf 



49.7 

44.0 

34.9 

21.6 


44.5 

45.2 

35.9 

37.4 


47.0 

43.1 

49.3 

37.4 


33.6 

48.6 
38.2 

42.7 


1494“K (2230«'F) for 2 hours and 1144»K deoO-F) for 20 hours 
1494®K (2230®F) for 2 hours, 1255®K (1800 F) for 5 hour , 
and 1144“K (1600«F) for 20 hours 
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boneficlai- to ductUity, particularly in the. transverse direc- 
tion. Originally there seemed to be an identification problem 
with specimen 65-3 of MAR-M 200+Hf— the results of the testing 
appeared to be for a transverse orientation specimen rather than 
a longitudinal one. Mactoetching and inspection of the specimen 
indicated that the identification, as presented, is correct. 

Table XVI presents the 1033"K (1400*P) tensile test results. 
All of the alloys appeared to have a peak tensile strength at 
this temperature, and the transverse properties were again sig- 
nificantly lower than the longitudinal. The simulated coating 
cycle apparently had no effect on tensile strength or ductility 
at this temperature. 

Results of the 1033®K (1400“?) stress-rupture tests are pre- 
sented in Tables XVII and XVIII. The longitudinal orientation 
results- of Table XVII indicate that IK 792+Hf was significantly 
weaker than the other three alloys. MAK-M 247, NASA-TRW-R, and 
MAR-M 200+Kf were essentially of the same strength level. The 
simulated coating cycle apparently caused a reduction in the 
scatter of results for the strong alloys and weakened IN 792+Hf. 
The transverse-orientation test results given in Table XVlII show 
a wide distribution of rupture lives due to changes in stress 
levels for this testing. The main reason for this was the prob- 
lem in selecting initial stress levels to yield 100-hour failures 
in the absence of prior test data. The data illustrates that 
MAR-W 247 and MAR-M 200+Hf are the strongest of the four alloys 
in the transverse direction. 

The 1255“K (1800“F) stress-rupture test results are reported 
in Tables XIX and XX. Once again, IN 792+Hf was the weakest of 
the four alloys, and the other three were very close in strength. 
Review of the grain structure, heat treatment, and mechanical 
properties data available at this point in the program resulted 
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in a decision to reduce the level of evaluation of IN 792+Hf for 
the remainder, of Task II and- eliminate this alloy from consiclor- 
ation.- in subsequent tasks. 

Blades of the three strongest alloys chosen for further 
evaluation were selected from the various Task II molds. These 
blades were divided into three groups for heat treatment— one 
group subjected to solution treatment at 1494®K (2230®P) (Heat 
Treatment B as suramar^ized in Table VIII), a second group at 
1483®K (2210“P) (Heat Treatment C) , and the third of 1505<'K 
(2250®F) (Heat Treatment D) . Following solution treatment, each 
of the groups were subjected to a simulated coating cycle of 
1255**K (1800®F) for 5 hours followed-by an aging cycle of 1144®K 
(1600®P) for 20 hours. 

Mini-bar test specimens were machined from the airfoil sec- 
tion of blades of each heat-treatment group, with all specimens 
having longitudinal grain orientation. The specimens were sub- 
jected to tensile tests at room temperature and lOSS^K (1400“F), 
and stress-rupture tests at 1033"K (1400®F) and 1255®K (1800®F) . 
Specimens of IN 792+Hf, were selected for test only from Heat 
Treatment D, tl505®K (2250®F) solution treatment followed by the 
simulated coating cycle and aging] . 

Results of the tensile and stress-rupture tests are presen- 
ted . in Tables XXL through XXIV. To facilitate evaluation of 
these results, the tables include selected longitudinal data pre- 
viously reported in Tables XV through XX for specimens from the 
first two groups of Task II molds. A discussion of the results of 
these Task II tests is presented herein under "Heat Treatment 
Studies" (see page 48). 

Results of stress-rupture tests at 1255*'K {1800"?) on MAR-M 
247 specimens machined from blades solution treated at 1519® K 
(2375®F) and 1533®K (2300®F) are presented in Table XXV. 
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TAB;E XXI. TASK U HOOH-TEMPEKATORE TBN8II.E TEST RRSUJ.TS 

(Tost spocimono nwchlnoU from TasK II oxothormically oast OS turl.ino blados 
having heat troatnignt noted holow.) 


r<t>co imon 
no. 

Grain " 
joriontation 

b 

Hoat 

troaonont 

Ultimate 
tonsilo 
strength, 
MPa (kai) 

0. 2-porcent 
yield 
strength, 
MPa (ksi) 

Elongation, 

percent 

Reduction 
in area, 
percent 



MAR-M 247 



70-3 


[, 

C 

1068 

(155) 

866 

(126) 

5.7 

17.0 

70-18 



C 

874 

(127) 

784 

(114) 

13.4 

24.3 

70-8 



B 

974 

(141) 

800 

(116) 

15.9 

29.2 

62-11 



B 

1002 

(145) 

847 

(123) 

13.1 

15.3 

62-140 



B 

974 

(141) 

814 

(118) 

6.7 

14.6 

62-16C 



B 

972 

(141) 

830 

(120) 

6.0 

13.5 

113-12 



D 

1017 

(148) 

890 

(129) 

8.7 

15.7 

62-17 



D 

1005 

(146) 

878 

(127) 

8.2 

14.4 




MAR-M-200+Hf 



73-3 

L 

C 

989 

(144) 

809 

(117) 

8.9 

11.5 

73-6 



C 

1134 

(162) 

885 

(128) 

10.0 

16.2 

73-5 



B 

1062 

(154) 

880 

(128) 

10.4 

19.8 

73-7 



B 

966 

(140) 

851 

(123) 

10.6 

21.6 

65-130 



B 

923 

(134) 

812 

(118) 

8.7 

16.4 

65-160 



B 

968 

(140) 

822 

(119) 

7.3 

15.7 

73-2 



D 

999 

(145) 

872 

(127) 

13.1 

15.5 

104-7 



D 

1014 

(147) 

899 

(130) 

11.8 

15.9 



NASA-TRW-R 



66-12 

1 


C 

792 

(115) 

763 

(111) 

5.2 

14.6 

102-13 



c 

1006 

(146) 

809 

(117) 

9.3 

21.0 

66-7 



B 

972 

(141) 

82 5 

(120) 

6.4 

14.3 

66-19 



B 

1110 

(161) 

927 

(135) 

6.8 

12.2 

66-9 c 



B 

972 

(141) 

829 

(120) 

6.3 

9. 7 

66-180 



B 

973 

(141) 

828 

(120) 

6.8 

10.9 

66-1 



D 

851 

(123) 

778 

(113) 

8.9 

14.3 

66-6 



D 

872 

(127) 

785 

(114) 

8.0 

23.0 



IN 792+Hf 


64-7 0 

I 


B 

1109 

(161) 

918 

(133) 

7.0 

19.5 

64-llc 



B 

1107 

(161) 

919 

(133) 

5.6 

11.0 

64-6 



D 

1118 

(162) 

918 

(133) 

5.9 

15.5 

103-8 



D 

llBl 

(171) 

913 

(132) 

6.5 

13.9 


a L •: Longitudinal 
T " Transverse 


b B - (2230°F> for 2 hours, plus 1255®K (1B00°F) for 5 hours, and 1144°K (1600*^P1 

tor 20 hourss ' 

^ ° (2210®F) for 2 hours, plus 1255°K (1800°F) for 5 hours, and 1144°K (1600°F) 

for 20 hours. ri 

° <2250°F) for 2 hours, plus 1255°K (1800°F) for 5 hours, and 1144 “k. (I600“p) 

for 20 hours ' 

c Data previously reported in Tables XV through XX 
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TAUW; XXII. TASK II I033”k (HOO”r) WNSIJ.B TB3T RKStU.TS 


(Toot BjjocimonB mAchinod fiom T.Tnk II oxoChm-micAlly cast DS turbine bl-uJos 
hAViticj huAt treaunont rtotod boluw.) 


Rpeclmon 

Grain " 

lloat *’ 

Ultimata 

tonsilo 

itronyth. 

0. 2-porcont 
yiold 
strength, 

no, 

orientation 

treatmont 

MPa {kai) 

MPa ()cBi) 



Knduction 
in aroa, 
pcsrncnt 


UI-13 
113-20 
113-1 
113-1-1 
62-13 c 
62-15 c 
>0-18 
113--5 


104-5 
104-15 
65-14 . 
104-6 
65-15 c 
73-17 c 
65-17 
65-19 


102-5 
102-12 
71-4 
102-7 
66-16 c 
71-20 c 
71-3 
102-9 


64-17 c 
72-19 e 
64-16 
103-1 



MAR-M 24 7 


1011 
1043 
1074 
878 

1091 (158) 

952 (138) 

858 (125) 

931 (135) 


MAR-M 200+Hf 




1111 

(161) 

894 

(130) 

6.0 

14.7 

1105 

(160) 

902 

(131) 

6. 1 

17.6 

1159 

(168) 

959 

(139) 

5. 2 

11. 0 




(Specimen broken prior to testing) 

1117 

(163) 

909 

(132) 

5. 2 

13.8 

1120 

(163) 

898 

(130) 

6.9 

20.9 

933 

(135) 

795 

(115) 

8.9 

17. 0 

1115 

(162) 

878 

(127) 

9.6 

17.9 


NASA-TRW-R 



1144 

(166) 

93 4 

(135) 

1017 

(148) 

856 

(124) 

1085 

(157) 

914 

(133) 

1057 

(155) 

894 

(130) 

1193 

(173) 

911 

(132) 

1160 

(168) 

937 

(136) 



26. 

7 

15. 

1 

10. 

9 


IM 792+Hf 




A 

L ■ 
T ^ 

Longitudinal 

Transverse 











b 

B > 

1494°K (2230°P) 
for 20 hours. 
1483°K (2210®F) 
for 20 hours. 

for 2 

hours, 

plus 

1255°K 

(1800°F) 

for 

5 hours, 

and 

1144°K 

(IGOO^’F) 


C = 

for 2 

hours. 

plus 

1255°K 

(1800°F) 

for 

5 hours. 

and 

1144”k 

(ICOO'V) 

c 

Data 

1 previously reported 

in Tables XV 

through XX. 
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TABLE XXIII. TASK II 1,033“K (1400*F) STRESS- RUPTURE TEST RESULTS 

(Longitudinal grain orientation teat apecimona 
machinocJ from TaaH II oxothermicaUy caat OS 
turbine blades having host traatment noted 
below. ) 


1033«K/724 MPa (1400“F/l05 kal) Testa 


Spoeimen 

Heat ® 

Hours 


Reduction 

to 

Elongation, 

of area, 

no. 

treatment 

rupture 

percent 

percent 



MAR-M 247 




113-19 
113-6 
62-18 
62-12 b 
70-12 b 
113-15 
62-20 


04-4 
04-8 
04-3 
104-14 
65-12 b 
73-13 b 
104-2 
104-17 


71-15 

102-8 

65- 11 
71-5 

66- 14 b 
71-14 b 
66-13 

102-11 


127.1 

80.6 

9.4 

10.2 

MAR-M 200+Hf 

67.8 

23.4 

61.3 

9.8 

107.7 

9.6 

140.2 

9.4 

87.3 

8.8 

59.4 

11.6 

171.2 

13.5 

86.1 

10.5 


MASA-TRW-R 


11.5 


8.7 


9.9 


11.5 


9.6 


11.2 


9.2 


9.7 



1033*K/689 MPa (1400*P/100 kai) Tests 


IN 792+Kf 


64-14 b 
72-10 b 
64-10 
103-15 


B 1494'*K (2230“F) for 2 hours, plus 1255*K (1800“F) for 
5 hours, and 1144*K (1600‘F) for 20 hours 
C »■ 1483<*K (2210®F) for 2 hours, plus 1255*K (1800®F) for 
5 hours, and 1144‘’K (1600*F) for 20 hours 
D = 1505'K (2250®F) for 2 hours, plus 1255*K a800®F) for 
5 hours, end 1144®K (1600*F) for 20 hours 


Data previously reported in Tables XV through XX. 
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TAPLE XXIV, TASK H 12S5“K (laOD'^f) STRESS -RUPTURE TEST RESULTS 

(Longitudinal gsain otientation tost apeclmens 
machine!? icotn Task II exothermically cast DS 
turbine blaCea having heat treatment noted belov*,) 



1255»K/207 

MP-a ()800« 

P/30 ksi) Tests 

j 



Hours 


Reduction 

Specimen 

Heat ® 

to 

Elongation, 

of area, 

no. 

treatment 

rupture 

percent 

percent 

1 MAR-M 247 

113-3 

C 

75.1 

35.5 

42.1 

113-7 

C 

53.7 

22.3 

41.6 

113-li - 

B 

56.0 

15.5 

39.9 

113-18 

B 

68. B 

9.9 

26 »B 

42-6 b 

B 

6U8 

14.1 

34.9 

70-19 b 

B 

68.1 

7.8 

21. C 

113-2 

D 

85.2 

22.8 

30.3 

113-4 

n 

98.5 

40.0 

53.2 

MAR-M 200+Hf 


104-9 

c 

51.0 

19.5 

40.3 

104-13 

c 

51.0 

21.8 

39.4 

104-1 

B 

76.5 

20.5 

26 .0 

104-11 

B 

53.5 

21.3 

46.6 

65-9 b 

B 

46.9 

19.6 

49.3 

73-11 b 

B 

73.5 

18.8 

37.4 

104-10 

D 

82.0 

15.5 

41,6 

104-12 

D 

59.0 

17.8 

37.0 



NASA-TRW-1 

I 


102-15 

C 

64.5 

20.9 

42.1 

102-19 

C 

40.7 

16.1 

41. 5 

102-10 

B 

63.8 

21.1 

47 .4 

104-14 

B 

58.1 

16.7 

43.7 

66-10 b 

B 

39.4 

14.8 

35.9 

71-13 b 

B 

39.0 

13.0 

37.4 

L02-1 

D 

65.3 

22.0 

35 s X 

102-18 

D 

63.7- 

18.7 

42.8 


1255*K/193 MPa (1800OP/28 ksi) Tests 

IN 792+Hf 


64-13 b 

B 

27.3 

IS. 8 

38.2 

72-9 b 

B 

29.0 

15.5 

'42.7 

64-2 

D 

36.5 

18.3 

42.4 

103-18 

0 

38.6 

16.8 

41.6 


B = l4*i^®K (2230®P) for 2 hours, 
5 hours, and 1144»K (160&“P5 
C « 1483»K (2210®D for 2 hours, 
5 hours, hid 1144“K (1600*P) 
D - 1505®K (2'‘'>'>."P) ter 2 hours, 
5 hours, anS 1‘44’K (1600*P) 


plus 1255*K (1800*P) 

for 20 hours 

plus 1255»K (1800«P) 

for 20 hours 

plus 1255“K (1800*F) 

for 20 hours 


for 

for 

for 


^ Data previousl ' rtipofi'id in Tables XV through XX, 




i-jueiow nftQO^Fl STRESS-RUPTtJRE tEST RESULTS 
TABLE XXV. cast DS Mar-M 247 

(Test speciinens rtiachinad , 2 temperatures. Solution treatment 

then 12^"K (ISOO-F, for 

uJS 1ieoo-n for 20 hours.) ,__ 


0-2 

’0-9 

ro-14 

? 0-20 

70-2T 

70-9T 

70-14T 

70-20T 


70-6 

70-7 

7.0-11 

70-17 

70-6T 
70-7T 
70-llT 
I 70-17T 


i 519 <»K f 2275”F) solution treatment 

^ri I 1 I e 


207 (30) 125.0 

207 (30) 105.7 

207 (30) 79.9 

207 (30) 116.0 

186 (27) L73.0 

186 (27) 135.7 

186 (27) 97.3 

lb6 (27) 162.3 


28.5 
27.7 

24.6 
26.9 

21.0 

5.9 

6.8 

9.6 


1533 *K f230 Q°F) solution treatment 


1533*K 

: (2300 

L 

207 

1 , 

207 

L 

207 

L 

207 


207 (30) 79.7 

207 (30) 106.7 

207 (30) 126.8 

207 (30) 83.5 

186 (27) 202.3 

186 (27) 173.3 

186 (27) 147.5 

186 (27) 158.5 


4.9 

24.2 

23.4 
24.6 

14.5 
13.9. 

6.5 

5.9 


57.4 

49.7 

44.6 

50.9 


37.9 

11.3 
12.5' 

15.4 



9.0- 

55.8 

44.9 

45.2 

34.2 

29.5 

13.9 

10.5 


® L “ Longitudinal 
T a Transverse 


2. — Tests on Spec-ltne-ns Machined fconi Slabs . Th& eight dab., 
molds east for Task II cyclic-rupture testing. provided for 6 rec- 
tangular slabs per mold, v;ith 2 molds cast per alloy. These 
slabs— were 15.24-cm high, 7.62-cm wide and 1,27-cm thick. (6 
inches by 3 inches by O.S inch) , and wexe heat treated using a 
solution temperature of. 1494*K -(2230®^E) for 2 hours followed by 
inert oas quenching, a simoJlated coating cycle at 1255*'K (1800*F) 
for 5 hours and aging at 1146*K (1600®P) for 20 hours, 

Beth smooth and notched test, specimens .were machined from 
the slabs v/tth -separate specimens having longitudinal, transverse 
and 45-degree grain orientations. The smooth test specimens had. 
a standard C.625-cm (0,25-inch) gage diameter and 3,175-cm (1,25- 
inch) gage length as shown in Figure 13), The notched specimens 
had a nominal notch diameter of 0,452 cm (0.178-inch) and were 
otherv;ise configured as shown in Figure 22. 

Initial cyclic-rupture tests at 1033®K (1400®F) on smooth, 
longitudinal-grain specimens machined from slabs indicated that 
cyclic testing did not degrade the stress-rupture life of the 
alloy.s. Using a lO-second load, 90-second hold,, and 10-second 
unload cycle, smooth test specimens v;ere tested at progresively 
higher stresses as shown in Table XXVI, Based on these results, 
three tests were run on similar specimens at peak stresses of 
723.9 MPa (105 kni) . Results of these tests, as shown in Table 
XXVII, indicated that the stresses were not sufficiently high to 
produce the. desired 100-hour failurv^. Therefore, the balance of 
the cyclic rupture testing was accomplished at 758 MPa (110 ksi) 
maximum stress for the longitudinal-grain specimens and 724 MPa 
(105 ksi) for the 4.5-degree-grain-or iented specimens. 

The results of the cyclic-rupture testing at 1033"K (1400®F) 
on specimens machined from slabs are tabulated in Table XXVIII 
and graphically compared in Figure 23. The bulk of the testing 


82 



- 17 UNC 


NOTCH ROOT 
RAOlUS 
0.016 
(0.006) 


DIMENSIONS 
IN CM 

(INCHES) 


Figure 22. Cyclic Rupture Specimen 





TABLE XXVI, TASK II 1033*K (X4aO®P) CYCLIOKUPTURE TEST RESULTS 
AT PROGRESSIVELY. HIGHER STRESSESu. 

[Smooth, longitudinal grain orientation test 
specimens machined from exothermically cast DS 
slabs. Prior to machining, slabs were solution- 
treated at 1494® K {223CL“P) for 2 hours followed 
by inert gas quenching, 1255®K (1800 for 
5 hours, and 1144®K (16U0*P) for 20 hours»] 



Hours at the indicated 
test stresses 

Alloy 

655 MPa 
(95 ksi) 

690- MPa 
(100 ksi) 

726 MPa 
(105 ksi) 

Total 

hours 

Mar-M 2-47- 
( Specimen 105) 

3oa - - 

lOO 

67.4 

467.4 

Mar-M 200+Hf 
(Specimen 97) 

300 

100 

73.2 

473.2 

NASA-TRW-R 
(Specimen 101) 

300 

100 

Failed on 
loading 

400.0 


TABLE XXVII. TASK II 1033®K (1400®F) , 724 MPa (105 ksi) 
CYCLIC-RUPTURE TEST RESULTS 

[Smooth, longitudinal grain orientation test 
specimens machined from exothermically cast DS 
slabs. Prior to machining, slabs were solution 
treated at 1494®K (2230®F) for 2 hours followed 
by inert gas quenching, 1255®K (1800 ®F) for 
5 hours, and 1144®K (1600®F) for 20 hours.] 


Alloy 

Hours 

Cycles 

MAR-M 247 
(Specimen 106) 

182.8 

5678 

MAR-M 200+Hf 
(Specimen 98) 

185.0 

6046 

UASA-TRW-R 
(Specimen 102) 

158.2 

5285 
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TABLE XXVIII, TASK II, 1033*K (1400®P) CYCLIC-RUPTURE TEST RESULTS POR 
THREE CRAIN ORIENTATIONS 


Maximum 

_OrlanUti^ ^pe of speclmati MPa (kai) 

!• Smooth 

I® ^ Smooth. 

~ 1* Smooth 

1* Smooth 

smooth 

Notched (K.-1.8) 

Notched (K^»l-8) 

Notched {k'» 1,8J 
Notched (k'-1.81 

Smooth 
Smooth 

Notched (K «l,8) 

Notched (K*-1.8) 

Smooth 
Smooth 

Notched (K “1.8) 

Notched (K^-1.8) 


HAR-H 200'tHf 


1 Smooth 

758 (110) 

' Smooth 

758 (110) 

Smooth 

758 (110) 

Smooth i 

758 (110) 

Smooth 

724 (105) 

Smooth 

724 (105) 

Notched (K “1.8) 

724 (105) 

Notched (K'“1.8) 

724 (105) 


Cyoles 

Houra to to 
failure failure 


Elongation, 

percent 


758 

(110) 

122.7 

758 

(110) 

89i9 

758 

(110) 

89.8 

758 

(110) 

97.6 

758 

(110) 

236.7 

758 

(110) 

187^.0 

758 

(110) 

249.2 

758 

(110) 

234.0 

758 

(110) 

207.9 

724 

(105) 

93.1 

724 

(105) 

57.2 

724 

(105) 

225.9 

724 

(105) 

231.8 

724 

(105) 

62.4 

724 

(105) 

110.0, 

724 

(105) 

87.3 

724 

(105) 

112.1 


Reduction 
of area, 
percent 


L ' Longitudinal 
T “ Traneverae 
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was done otv the HAR--M 247 and NASA-TRW-R alloys, as an -oxtensivo 
pcoduction background exists for tie DS cast MAR-M 200+Hf alloy, 
and previous program data resulted in elimination of IN 792+Hf aa 
a candidate materjal. A- basic purpose of the cyclic-rapture 
testing was to provtd® data useful in design of the firtree- 
attachment region of the turbine blade where high stresses are 

present at various orientations where stress-concentrations 
exist. 


The major conclusions drawn ^rom the cyclic testing were; 

(a) MAR-M 247 was notch-strengthened in all three orien- 

tations. 

(b) NASA-TRW-R was notch-weakened in the longitudinal and 
transverse orientations. 

(c) The limited testing of the MAR-M 200+Hf revealed no 
problems with this alloy. 

(d) All three alloys were notch strengthened in- the 45- 
deg E ee . or i ent a t i on . 


T hermal — fatigue tests. Eight blades of each alloy were 
selected from r.he final eight Task-II molds for use in conducting 
thermal-fatigue tests. Following solution treatment at 1494'’K 
(2230®F), four blades of each alloy were coated with RT-21* alum- 
inide coating at 125'5“K (lOOO^P) for 5 hours, then aged at 1144<»K 

(1600“?) for 20 hours. The remaining four blades were left 
uncoated . (bare) , but were subjected to a heat-treatment process 
equivalent to that used for the coated blades. in addition, a 


coating applied by the Chromalloy 
corporation; Orangeburg, New York. 
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mold of equiajted cast MAR-M 247 blades was cast to provide a 
baseline for comparison of thermal-fatigue characteristics with 
the DS castings. 

An initial 1000-cycle thermal-fatigue test was conducted by 
the Illinois Institute of Technology Research Institute (IITRI) 
on bare and coated blades of all four- alloys. The test was con- 
ducted in fluidized beds whlcn permitted cycling the blades 
between 308“K (95"E) and 1228*K (L750®F) . The blades were alter- 
nately held for 3 minutes in each of the hot and cold beds. 

Only one crack was found after, completion of the 1000-cycle 
test. A second 1000-cycle test was then performed on the same 
blades with cycle temperatures of 308®K (95®P) and 1283®K 
(ISSO^F), which was the highest temperature attainable on the 
test equipment. A summary of the. results of this higher temper- 
ature test is as follows: 

(a) MAR-M 247 

Bare - First crack was observed after 500-cycles. The 
crack' had grown to 0.076 cm {0.030 inch) at test com- 
pletion. 

Coated - No cracks were observed. 

{b) MAR-M 200+Hf 

Bare - First crack was observed after 200 cycles. The 
crack had grown to 0.076 cm (0.030 inchO at test com- 
pletion. 

Coated - The first crack had beeft observed on the blade 
pressure side after 1000 cycles of the earlier 308*K 
(95®F) and 1228®K (1750®F) test. This crack had grown 
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to 0.508 cm {0.200 inch) after 300 cycles of. the second 
test [128-3®K (185t)"F)l, A second coating crack was 
observed^ on the blade suction side, after- .500 cycles 
of the second test. This crack had grown to 0.076 cm 
CO, 03 inch) at test completion. , 


(c) 


NASA-TRW-R 


“ One- very tight crack was observed at 
pletion. 

Coated - No cracks were observed. 


tesj cora- 


(d) IK 7&2+Hf 

B^re - A crack was observed after 50 cycles. The crack 
had grown to. 0.178 cm (0.070 inch) at test completion. 

Coated - No cracKs were observed 


Except for one blade, all of the coating cracks were located 
at the trailing-edge platform intersection, which is a sharp 
transition of thin-to-thick section that should generate maximum 
thermal stresses. The sole exception was the coated MAP.-W 200+Hf 
blade that developed airfoil cracks. Figure 24 presents a typi- 
cal photograph of bare and coated MAR-M 247 blades before and. 
after testing. 

As indicated by the suramcirY above, the thermal cycling 
results show little to discriminate between the four alloys. To 
further evaluate the thermal-fatigue characteristics of MAR-M 
247 » two additional tests were conducted at IITRi. Each test 
used two equiaxed and two DS cast MAR-m 247 blades of identical 
design. Testing consisted of 1000 cycles between 122G®K (1750®P) 
and 31L®K (100®F), followed by another 1000 cycles between 1283®K 
(1850®F) and 311®K (100®F) . The blades were alternately held in 
the hot and cold beds three minutes each to stabilize tempera- 
tures . 


COATED 










(a) AS RECEIVED 


UNCOATED 



Figure 24. 


UNeoAr=D 

(b) THERMALLY CYCLED 

■■reli.,. Inary DasJ 

Thermal Cycles Between After 1000 

1751*F), and low ™«ma? <95*P-nd 

1283-K OST and 18M™K TL”: Ixf^" 



No cracking was observed on any blade af:ter the licet 1000 
oyclGS, The two equiaxed blades cracked during the second 1000 
cycles, while the- DS ca&t- blade.s did not, A crack nas observed in 
one equiaxed blade- after 25 cycles of the i283®K, (1850®F) and 
3U®K C.OO^P) ther-mal cycling,, and a crack was observed in the 
other after 300 cycles. Crack- propagation in the equiaxed grain 
blades was as shown in Table XXIX; 


TABLE XXIX. CRACK 

t — — 

PROPAGATION IN THE EQUIAXED 

GRAIN BLADES 

Number 
of Cycles 



Average crack length 

, cm (inch) 



Blade No. 14 


Blade 

No. 16 

25 

50 


- 

- 


0.05 — (0.02) 



“ 


0.05 

(0.02) 

75 





00 CO 
o o 

T • 

O O 

(0.0?) 

100 





(0.05) 

200 

0.18 





(0.07) 

300 


0.08 

(0.03) 


0.20 

(0.08) 

400 


0.10 

(0.04) 


0.20 

(0.08) 

500 


0.10 

(0.04) 


0.20 

(0.08) 

700 


0.18 

(0.07) 


0.20 

(0.08) 

1000 

— 

0.20 

(0.08) 


0.20 

(0.08» 


Figure 25 presents the four tested blades after completion 
of the 2000 cycles of testing, and Figure 2G shows the cracks in 
the equiaxed blades. 


Due to the fact that crack location is a function of blade 

geometry, only a crude qualitative conclusion can be veached 

that based on this testing the DS cast blades were mors thermal- 
fatigue resistant than the equiaxed blades. 

Dynamic modulus of elasticity 
tests were performed in triplicate on test specimens machined 
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(a) BLADE 14 


(MAG,: 25X) 



{b) BLADE Ifi (MAG.: 2bX) 


Figure 26, Appearance of Thermal-Faligue Cracks at Traiiim Edg 
Near Root of Equiaxed MAR-m 247 Blade Nos. 14 and 16 
after 1000 Cycles at (1850®Pj 






icom T.sk II DS Slab eastings tor each of tha r 

^est 3paci.e„ contlgaratlon tor t^se- tests “ 
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TIP AREA - - HEAT TREATED ROOT AREA - - HEAT TREATED 

Figure 27. Typical Microstructures of Exothermically Cast DS Preliminary Desic 
TFE731-3 Turbine Blades of MAR-M 247. Railings Etch. (Mag.: lOOX) 
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TIP AREA -- HEAT TREATED pOOT AREA - - HEAT TREATED 

Figure 30. Typical Microstructures of Exothermically Cast DS Preliminary Design 
'x'FE731“3 Turbine Blades of IN 792+Hf. Kallings Etch. (Mag.; 109X) 








The IN 792+Kf mlcroatructuces ace depicted in Figure JO, 
Script carbides wece absent and incipient melting occurred in the 
coot section of the blade* 

Alloy Selection 

As a result of ,the Task II tests and evalutions of the four 
Oi-loys, MAR-W 24.7, MAR-M' 200+Hf, and NASArr.TRW-R alloys were 
selected- for further evaluations in Task III. The IN 792+Hf 
alloy was eliminated from the Task III effort due to its lower 
stress-rupture strength. 


TASK III - ALLOY -PROPERTY CHARACTERIZATION 

Scope 

During Task III, the three selected alloys, MAR-M 247, 
NASA-TRW-R, and MAR^M 200+Hf, were further evaluated in DS cast 
form to determine and document mechanical and physicaJ properties 
to vai.rdate the final design for the turbine blades. This was 
accomplished by the manufacture of additional turbine- blade and 
test bar castings by Jetshapes using process controls developed 
during Tasks I and II, .followed by comprehensive testing of cast- — 
ings and test specimens by AiResearch and independent labor- 
atories. _ _ 

Test Material Production . Turbine blade and separatly cast 
test bar molds were exothermically DS cast with all three alloys 
CO provide material for Task III evaluations. A new 7000-pound 
neat of low-gas content MAR-M 247 v/as used for pouring all cast- 
ings with this alloy. Oxygen content of this heat was 8 ppm; nitro- 
gen was 4 ppm. Typical gas contents for normal remelt heats of 
vacuum cast nickel-base superalloys are 10- to 30-ppm oxygen and 15- 
to 25-ppm nitrogen. Heats of the other alloys were the ones 
procured for Task II. 

The blade moles were of the same design as those used in Task 
II — five straight spokes with provisions for four root-up blades 
in each spoke. The standard test bar mold had five spiral spokes 
with six l.-590-cm (0.625-inch) test bars per spoke. In addition, 
one test bar mold was made to provide both tapered erosion-test 
bars and large-diameter thermal-conductivity test bars for Task 
III evaluations. In this special mold, one spiral spoke of six 
standard bars was replaced with a spoke having provisions for two 
3.8-cm (1.5- inch) test bars, and another spiral spoke was replaced 
with a spoke providing six erosion-test bars. 
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In view of a reported possibility of discontinuance by the 
supplier of the Colal~P mold priine“Coat materials one blade mold 
and one test bar mold were cast using the latest modification of 
the Jetshapes production prime coat for comparison with the 
Colal-P. While initial grain structure evaluation of parts from 
these two molds indicated that there were no apparent differences, 
nondestructive evaluation of the casting Indicated the Colal-P 
i;.old had fewer fluorescent-penetrant indications than the newer 
Jetshapes mold. Based on these results, sufficient Colal-P was 
procured to meet remaining program requirements. 

All Task III turbine blade castings were subjected to X-ray, 
fluorescent-penetrant, and DS grain evaluations. Results of this 
testing is presented in Table XXXI. The general level of fluor- 
escent-penetrant indications on MAR-M 247 was lower than that 
observed on castings made for the preceding Tasks. This was 
attributed to the^—use of the low-gas content alloy for Task III 
castings. 

Chemical analyses were performed on sample blade castings and 
separately cast test bars from all molds made in Task III. 
Results are reported in Tables XXXII through XXXIV, No signifi- 
cant anomalies were found in these analyses. 

Property Testing . 

1. Tensile testing . - Tensile tests on both longitudinal 
and transverse grain orientation MFB mini-bar test specimens 
(refer to Figure 11) of DS MAR-M 247 were conducted at various 
temperatures from room temperature to 1144“K (1600"P) . Results of 
these tests are presented in tabulated form in Table XXXV, and in 
graphical form in Figures 31 and 32. As anticipated, the trans- 
verse strengths were lower than the longitudinal, although all 
strengths and ductilities were adequate for final blade design. 
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TABLE XXXV. TASK 111 TENSILE TEST RESULTS ON OS MAR-M 247 TURBINE BLADES 


Heat treatment; LS0S*K (22S0*F) for ? hours, plus 
1255*K (1800*F) for S hours, plus 
1144*K (1600»F) for 20 hours 


(Test specimens machined tiom exothermically DS preliminary design TFE731-3 
turbine blades.) 


Spec itnen 
i^o« 

a 

Grain 

orientation 

Vemperaturo » 
'=’K (®F) 

Ulti.-nate 
tensila 
strength, 
MPa ()tsi) 

0. 2-percent 
yield 
strength, 
tiPa (ksl) 1 

Elongation, 

percent 

Reduction 
in area, 
percent 

i:8-8 

L 

Room 

UOO 

(160) 

885 

(128) 

5.9 

12.5 



Temperature 







148-8 

L 



1052 

(153) 

928 

(135) 

6.5 

13.8 

159-9 

L 



1027 

(149) 

918 

(133) 

4.6 

13.4.. 

138-BT 

T 



843 

(122) 

825 

(120) 

5.6 

15.9 

148-8T 

T 



885 

(128) 

864 

(125) 

2.2 

5.4 

159-9T 

T 

' 


660 

(125) 

853 

(124) 

2.9 

11. C 

138-7 

L 

8) I(l( 

)00) 

1016 

(147) 

892 

(129) 

7.1 

13.3 

140-7 

L 



1088 

(158) 

954 

(133) 

4.6 

10.9 

159-19 

L 



1C71 

1 156) 

348 

(13S) 

7.0 

15.3 

138- 7T 

T 



873 

(127) 

837 

(121) 

3.8 

9,0 

140- 7T 

T 



836 

(121) 

816 

(118) . 

8.8 

14.9 

1S9-19T 

T 



858 

(124) 

852 

(124) 

9.8 

11.1 

138-1 

L 

922 (1200) 

1014 

(147) 

873 

(127) 

7,5 

12.5 

148-14 

L 



1135 

(165) 

968 

(140) 

6. 2 

10.9 

'159-19 

L 



■~^,_U37 

(165) 

927 

(134) 

4.2 

10.4 

138-lT 

T - 



ssu- 

'-.412O) 

764 

(lU) 

9.5 

14.5 

148-14T 

T 



910 

(i'S21 

818 

(119) 

3.8 

X 5 ■ / 

159-lOT 

T 



816 

(118) 

'"785 ^ 

(114) 

9.8 

14. 6 

138-10 

L 

>033 

(1400) 

no 3 

(160) 

931 

■''n-35) 

5.0 

12.8 

148-5 

L 



lies 

(172) 

986 

(143) " 

4.4 

14.0 

159-13 

T 

Aa 



'1209 

(175) 

992 

(144) 


14.9 

138-lOT 

T 



69r- 

(130) 

828 

(120) 

4,4 

10.9 

148-5T 

1 



965 

(140) 

841 

(122) 

7.8 

14.6 

159-13T 

T 



940 

(136) 

833 

(121) 

5.7 

11.1 

138-5 

L 

1144 

(1600) 

992 

(144) 

778 

(113) 

8.9 

17.2 

140-10 

L 



1006 

(146) 

773 

(112) 

7.0 

15,3 

148-2 

L 



967 

(140) 

836 

(121) 

11.1 

13.4 

]38-CT 

T 



830 

(120) 

738 

(107) 

12.8 

21.2 

140-lOT 

T 



897 

(129) 

761 

(110) 

3.4 

10.9 

148- 2T 

7 



839 

(1221 

745 

(K181 _ 

7.3 

14.4 


a La Longitudinal 
T " Transverse 
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STRESS, MPa f!<SI) STRESS, MPa (KSI> 



"^WpTE: ALL SPECIMENS HEAT TREATED FOR: 

' ' 1605<»K (22B0°F) FOR 2 HOURS, 

PLUS I255OK (1800»F) FOR 5 HOURS. 

PLUS T t4q®K (16O0°F) FOR 20 HOURS 

Figure 31. Tensile -.Properties Versus Temperature- of Loncrtudinal 
Specimens Machined from Task III MAR-M 247 
E:ioth.ermicaliy Cast DS Preliminary Design TFE731-3 
Turbine blades (Sheet 1 of 2) 
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Tensile Properties Versus Temperature for 
Transverse Speciemsn Machined from Task III 
MAR-M 247 Exothermically Cast DS Preliminary 
Design TPE731-3 Turbine Blades (Sheet 2 of 2) 









conducted on 

atelv cast t h"° ‘““ecer test specimens machined from sepat- 

TabL“ “l t" ‘r®’ • 

due. a trLob r” higher 

- lit/, probacly as a result of specimen geometry. 

^ Tensile test results of MFB mini-bar specimens and SCTB 

Tables xxxvn and XXXVlri-_The strength and ductility patterns 
these alloys are slmilan ,to those -observed on mak-m 247. 

ducted' ■ ®‘^«e-“Ptute testing was con- 

(1900-F) on MFr”*‘T* ““““ ii«on-), and 1311-K 

orientations. transverse ano longitudinal grain 

’ test emphasis was placed on MAR-M 247 the 

NASA-TRrH°^ tne three alloys. Stress-rupture properties of 

marI iTotHf n" '»ree temperatures, while the 

f .. a . oy was tested only at two temperatures. The results 

AS expected“\r" "’°™ t"P“l»bed form in Tables XXXIX and XL. 
order Of H “Pt^-^c-^rength rankings were, in descendinn 

TRW-r stren,th-MAR-M 247, MAR-M 200tHf, and NASA- 

TRK R. The strengths of all three alloys were adequate tor the final 
design turbine blades. 

One of the major original goals of this Project was to 
enough rmprovement in stress-rupture strength of DS MAF-M 247 (or 

o hro“r:“°c: - 

TFE731 3 F “ high-pressure turbine blades in the 

data h “PPPOled DS blades. Figure 33 prese ts 

this Llph"^ achieved. The solid lines on 

test specim T =‘""«^hs from mini-fr 

247 frL Task! l aT',r'‘ <'“a) and DS MAR-M 

Tasks I and II of this contract. The solid circles are 


113 



















¥ 


TASK in TEMSILE test results oh SE PftRATELY CAST T.ST BARS OF D. 

TABLE xxmi. 1505‘K (2250<’P) for 2 hours with argon quenching, plus 

Heat treatment* 1505^K «2250^F) tor ^ cool ng. plus 

1144*K (16,00®F) for 20 hours with air cooling. 


Temperature, 

°K rF) 


0. 2- percent 
yield 
strength, 
MPa (ksi) 


160-5 

174-3 

168-5T 

174-3T 

168-6 

174-4 

168-6T 

174-4T 

168-7 

174-8 

168- 7T 

174-8T 


Ultimate 
tensile 
strenqtht 
MPa (ksi) 


Specimens ma chined from initial design TF E731- 3 turbine blades 

[ ] RT mil (147) <»'^0 fl38) 7-2 

1016 (147) 927 fl35) ^-9 

858 (124) 839 ri22) 

an 1121) 832 (12.1) JiL 

^ tui33 (1400) 1028 (149) 867 (126) 13-4 


I 1144 (1600) 


mil 

(147) 

9 SO 

(138) 

1016 

(147) 

927 

(135) 

858 

(124) 

839 

(122) 

837 

(121) 

832 

■ iiaiL 

1028 

(149) 

867 

(126) 

1198 

(174) 

1000 

(145) 

847 

(123) 

819 

(1)9) 

838 

(122) 

783 

(1)4) 

978 

(142) 

792 

(115) 

986 

tl43) 

806 

(117) 

841 

(122) 

747 

(108) 

861 

(125) 

802 

(116) 


Specimens machined from separately cast test bars_ 



(151) 

847 

(123) 

(163) 

887 

(129) 

(160) 

874 

(127) 




a L “ Longitudinal 
T ° Transverse 
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TABLK VJVIII, TASK 111 TENSILK TES1 SESUI.TS OH SEl’ARMEr.V CAST TEST PARS OK PS KAK-M ?0lNI f 

Heat t tcatpient I ITOi^K t??.S0®Fl for 1 hO'jrs with arpoo tiiionehinqi r.luf 
12S^*K (l8nO*K) for S hours with elr cooUno, tiluri 
iHl“K n600*F) for 20 hours; with air coolinq. 


Specimen 

Ho. 

, a 

(...am 

Orientation 

*J'cm>eraturo 
"k (^rj 

01tim.ito 
tensile 
f tienqth 
WPa (lisi) 

0. 2- percent 
yiol.l 
strength, 
MPa (kai) 

Eloii«jatiii>n , 
percent 



Specimens 

srachined from iiiitial ticsiqn 

TFE731-3 

turbine blades 


167-1 

I, 

Rt 

912 

(132) 

843 


5. 2 

10. 2 

106-4 

L 



971 

(141) 

864 

024) 

6. 1 

10. .6 

167- IT 

*r 



804 

(117) 

789 

014) 

2.8 

7.0 

186-4T 

T 



760 

(110) 

751 

009) 

4 . b 

6. 9 

167-2 

1, 

1033 

(1400) 

1211 

(176) 

1040 

061) 

4.3 

12. 5 

186-7 

1 



1106 

(160) 

1026 

049) 

4.4 

17.9 

167-2T 

T 



84) 

(12?) 

761 

O 10) 

3.4 

6. 9 

186-7T 

T 



841 

(122) 

747 

008) 

3.4 

7.6 

167-4 

1 ,. 

1144 

(IGCO) 

9 '.'5 

(un 

776 

(1 131 

10.2 

17.2 

186-8 

L 



?>27 

(136) 

766 

1110) 

6.4 

12.5 

167-4T 

T 



81? 

( 1181 

718 

004) 

7.2 

9. 7 

186- 8T 

T , 



858 

<1241 

754 

0091 

2. 8 

5. 4 


Specimen? 

nkic. lined Irom 

Separately cast 

t.eat b.irs 



R2S 

L 

R 

r 

U87 

( 1721 

871 

(1261 

11.2 

n.5 

R53 

L 



1.098 

OS9) 

836 

'121! 

9. 2 

10. 8 

R81 

L 



1088 

(158) 

864 

0 241 

9.9 

11.9 

R54 

L 

103> 

I1400J 

120 •. 

(175) 

985 

0431 

7.5 

n.o 

R82 

L 

1 


'224 

(178) 

973 

041) 

9.7 

16.3 

P.26 

L 

lli4 

<1600) 

919 

032) 

715 

(104) 

20.6 

32.7 

R8 3 

J 



908 

0 32) 

716 

(11)4 = 

16.9 

29.4 

— ; 


a L = LoriCjiLud indl 
T -- Trarfiucrsc 



















TABLE XXXIX. TASK 111 STRESS-RUPTURE TEST RESULTS ON MAS-M 247 
TEST SPECIMENS 

Heat treatments 1505*K (2250"F) fox 2 hours with argon quenching, Plus 
1255®K (1800*P) for 5 hours with air cooling, plus 
1144*K (1600“^F) for 20 hours with alt cooling 

U'est specimens machined from exothermically cast preliminary 
design TPE731-3 turbine blades.) 


j Reduc- 

I Hours tion 


Specimen 

• a 
Grain 

Temperature, 

Stress, 

Hours 

to 

Elongation, 

Mo. 

orientation 

»K (‘^F) 

MPa (ksi) 

rupture 

percent 


140-9 
148-6 
159-15 
140- 9T 
1S9-15T 
148- 9T 
138-18T 
148- 6T 

138-2 
140-11 
148-1 
140-llT 
148- IT 
138- 2T 

138-3 
159-18 
138-3T 
159- 1ST 

138-16 
148-7 
159-11 
148-7T 
138- 16T 
159- IIT 

138-18 

148-9 


1033 (1400) 


(105) 

(97) 

(93) 

(97) 

(95) 

(93) 

(90) 

(90) 


1144 (1600) 


1200 (1700) 


1255 (1800) 


1311 (1900) 
1311 (1900) 


309. 1 
1259.9 

555.7 
0.5 
4.9 
8.0 

1155.2 

331.3 

184.0 

774.3 
1270.0 

104.1 

136.3 

225.1 

167.8 

320.0 

169.3 
338.6 

123.4 

646.2 

1678.3 
90.4 

124.3 

227.4 

174.5 

838.0 


L » Longitudinal 
T = Transverse 











TABLE XL. TASK IH STRESS-RUP'rURE TEST RESULTS ON MAR-M 200+Hf AND 
SASA-TRW-R 

Heat tEcatmenti 1505 »k |J250"f) for 2 hours with argon quenching,, plus 
1255 K (1800 FI for S hours with air cooling, plus 
1144’'K (1600*P) for 20 hours with air cooling. 

(Test specimens maohln o d from exo thermically cast DS turbine blades) 


Specimen 

_Number 


168 -a 

174-13 

168- 8T 

174-13T 

168-9 

174-15 

168-9T 

174-15T 


167-7 
186-9 
167-7T 
186- 9T 
167-8 
186-11 
167-8T 
186-llT 
167-10 
186-12 
167-lOT 
186-12T 


t»rain orientation^ 


Tampai-'ature, Stress, 
*K (»F) I MPa (ksi) 


.MAR-M 200+Hf 


1144 (1600) 



1255 (1800) 


I) 434 (63) 

355 (50) 

414 (60) 

448 (65) 

207 (30) 

152 (22) 

186 (27) 

13.5 (27) 


NASA-TRW-R 


Hour s 
to 

rupture 


171.7 

557.8 
168.1 

73.2 

103.1 

528.9 
0.3 

128.5 


Longitudinal 

Transverse 


Elongation, 

percent 


1033 ( 

;i400) 

724 (105) 

85.0 

6.2 



641 (93) 

455.9 

10.-8 



621 (90) 

0.1 

2.6 



586 (85) 

511.0 

6.5 

1144 ( 

1600) 

436 (63) 

68.8 

17.8 



317 (46) 

619.3 

29.6 



414 (60) 

63.6 

6.2 



379 (55) 

19.3 

1.9 

1255 ( 

1800) 

207 (30) 

50.5 

1 

18.5 



m (19) 

832.8 

22.0 



126 (27) 

65.7 

3.7 


1 

172 (2b) 

122.9 

7.8 






-#1QOO-HOUR LIFE AT INDICATED TEMPERATURE, TASK III DATA 



Figure 33. Average Stress-Rupture Strength of DS MAR-M 247 Versus 
Equiaxed INlOO, 0.178-cm {0.070-inch) MFB Test 
Specimens 


i'fl 


tho U44-K acon-P, U800-P, Task m 

points. Ths biahor strsnath lavels aohlevec. in Task m arn 
attributec. to tho inoroasad solution Umneraturn, 1505“K vnrnu- 
H94.K (2250T votsus 2310T, , used on the Task 111 oastinos 


usinq the Task in msr-h 24 , nuptute and creep test data, a 
.nUy r.c tuptnre and creep curves were prepared bv reare--ion 
analy-.rs usinq a least scuares method. The curves were plotted as 
dvoraqe and minus three siqpa curves. These curves are presented 
in M, urea 34 through 37 for rupture, (0.5-, 1 . 0 -, and 2.0-nercent. 

Lnirurr'-'T'^’ ■ the 

t^ nn i Ptedictions. The acceptabilitv point for 

the DS MSR-M 247 specification is shown on Pioure 34 . 


3. l£!; 2 £ycU_Fatioue Testing, - boad-controlled low-cvcie- 

faticiue (LCF) tests were oom-^ucto--'’ ah 4 -^ . 

IO 330 K nannon.^ n.ucto. at room temperature and at 

(1400 P) on smooth and notched test specimens machined from 
..pparatelv oast test bars of the three PE cast allovs. LCF tents 
re also- conducted on. smooth aluminide-coated (RT- 21 ) test speoi- 

axed moo at room temperature and at 1033-K. (1400»P) to provide a 
baseline for comparing the US cast alloys with the eouiaxed mat'e- 
_ial currently being used for the TPE731-3 turbine blades. 

o this testing are presented in Tables XLI through. XLIV. 


Table XLV presents a comparison <-»f 
stresses for hh^n o , Pa*^ison of the estimated maximum 

tresses, for the several materials, that would produce LCP fail- 
ures n 5,000 and 10,000 cycles, based on Task in data Up 

ature. At 1033 K (1400«P) all three DS alloys show nreater LCP 
strength than equiaxed iploo, with HAR-M aootHf, and MAR-P, 247 
superior to NASA-TRW-R, All three DS alloys showed nptoh- 
I Oo""p, " “ ‘^PUtature, and notch-weakening at 1033-k 


r-m 


' '^1? 
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414(60) 
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fe 138(20) 


IX 


69(10) 


LARSON-MILLER PARAMETER, P “ tT(OF.)t460] (20+Log t) x 10*'’ 

Figure 34. Larson-Miller Stress-Rupture Curve for DS IIAR-M 247 
Longitudinal Data, 0.178-cm (0. 070-'Inch) MPB Test 
Specimens 
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LARSON-MILLER PARAMETER, P = [T(Op)+460l (20+Log t) x 10"^ 


Figure 35. Larson-Miller 0.5-Percent Creep Curve for DS MAR-M 247 
Longitudinal Data, 0.178-cm (0.070-Inch) MPB Test 
Specimens 
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LARSON-MlLi-ER PARAMETER, P = [T(°F)+460] (20+Log t) x 10"^ 

Figyre 36. Larson-Mlllcr 1.0-Percent Creep Curve for DS MAR-M 247, 
r.ongitudinal Data, 0.178-cn> (Q.Q7Q-Inch ) MFB Test 
Specimens 
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Figure 37. Larson-Miller 2. 0-Percent Creep Curve for DS MAR-M 247, 
Longitudinal Data, 0.178-cm (0. 070-Tncti) MFB Test 
Specimens 
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TABI.R Xtl. LOW-CYCIiE-FATlrtllE VEST RESULTS ON DS MAR-M ^47 


Heat treatment: 150S*K (2250*P) for 2 hours, pluc 

flSOO'P) for 5 hours, plus 
1144*K (j.600*F) £or 20 hours 

(Longitudinal grain orientation test apeoirenB machined from sepaVately. 
cast test bats) 


specimen 

Tr’mpctature 

No. 

"K ("P) 


Maximum 

stress. 


MPa (Xsil 


Cycles to* 
failure 


(a) Uncoated smooth specimens 


Remarks 


232 

Kl. 1 

ni8 

(165) 

620 


233 



U38 

(165) 

830 


235 

“■ 


)104 

(160)' 

2,550 


235 



1103 

(160) 

2,780 


231 



1069 

(155) 

4.450 


148 



1034 

(150) 

5,300 


230 



1034 

(150) 

6,580 


117 



965 

(140) 

9,420 


115 



931 

(135) 

11,660 


2 



896 

(130) 

9,730 


1 



696 

(130) 

12,930 


101 



896 

(130) 

21,350 


239 

103? (1400) 

1138 

(165) 

690 


243 



1138 

(165) 

860 


238 



il33 

(165) 

1,810 


106 



1103 

(160) 

9.30 


104 



1103 

(160) 

2,180 


4 



1034 

(ISO) 

3,020 


3 



1034 

(150) 

3,440 


242 



1000 

(145) 

10,130 


240 



965 

(140) 

7,730 


23 7 



965 

(140) 

9,080 


236 



965 

(140) 

9,320 


24] 



931 

(135) 

12,130 



(b) ;'T-2l smooth apecimens 


114 

- 1033 (14C0; 

965 

(140) 

96U 


9 



965 

(140) 

1,410 


162 



965 

(140) 

1,060 


121 



931 

UJ5) 

1,890 


120 



996 

(130) 

2,690 


10 



896 

(130) 

6,310 


149 



896 

(130) 

2,800 


151 



S62 

(125) 

7,200 


158 



862 

(125) 

31,590 


11 



827 

(120) 

24,830 


122 



827 

(120) 

29,240 

Broke in threaded area 








^ Test parameters) Axial load control) sine wave form) 
60 Hz frequency) **A° ratio = 1.0 






TABLE XLII. LOW-CYCLE- FATIGUE TEST RESULTS ON DS MAR-M 247 



Heat treatment; 1505*K (2250*F> for'2 hours, plus 

125S®K (1800*P) for 5 hours, plus 
1I44®R (1600“F) for 20 hours 

(Lopaitu<ii pal cirain orientation test specimens machined from 
separately cast test bars) 


•dcimen 

umber 


Temperature, 
“K (®F) 


Maximum 
stress, 
MPa (ksi) 


Cycles^ 


to 


failure 

Remarks 


Uncoated notched (K - 1»8) specimens 






,241 
241 
172 
1172 
1138 
1138 
1103 
1103 
1034 
1034 
965 
965 


1103 

1103 

1103 

1034 

1034 

965 

965 

827 

827 

758 

758 

758 


80 

80 

70 


(170) 

(165) 

(165) 

(160) 

(160) 

(150) 

(150) 

(140) 

(140) 


(160) 

(160) 

(160) 

(150) 

(150) 

(140) 

(140) 

( 120 ) 

( 120 ) 

( 110 ) 

( 110 ) 

( 110 ) 


1,63 

2,84 

4,26 

4,870 

5,070 

5,960 

6,530 

7,260 

4,210 

6,550 

10,400 

13,660 


1,54 

1,89 

2,80 

2,86 

4,840 

6,760 

9,120 

9,280 

16,500 




Test parameters; Axial load control; sine wave form; 

60 Hz frequency; "A" ratio = 1.0 
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TABLE XLIV. LOW-CYCLE-FATIGUE TEST RESULTS ON DS MAR-M 200+Hf 

Heat treatmenti ISOS^K (22S0*F) for 2 hours, plus 
1255*K (1B00*P) for 5 hours, plus 
1144"K (1600*P) for 20 hours. 

(Longitudinal qrain orientation test specimens machined from separately 
cast -test bars . ) 


Remarks 


Temperature, 

Maximum 

stress, 

Cycles 

to 

°K (°F) 

MPa (kail 

failure® 


(ai Uncoated smooth specimens 


1C33 (1400^ 


ipso (1551 
1069 (1551 
1034 (150) 
1034 (150) 


(b) Uncoated Notched (K. 


1,81 specimens 


1033 (14001 


4,000 

5,400 

7,060 

10,730 


Broke in threaded area, 


a Test paraniGtccp Axial load controls sine wave fo'.m} 

60 H», frouuoiicy! "A“ ratio - 1.0 




























The 1033®K (1400®F) LCP data on MAR-M 247 and INIOO is pre- 
sented as least squares’ regression analysis curves in Figures 38 
through 41, In all cases, the upper curve is the best fit of the 
data, and the lower curve is the best fit minus three sigma. 

4. High-cycle fatigue testing. - Axial-axial high-cycle 
fatic('.;e load-controlled tests of test specimens machined in the 
gti n-qrowth direction from separately cast test bars were oer- 
formed on the three alloys, with results as presented in Tables 
XLVI through L. MAR-M 247 tests were conducted on smooth and 
notched (K^ = 3.0) test specimens at room temperature and at 
1144®K (1600®F) , and at "A" ratios of infinity and 0.95. Testino 
of MAR-M 200+Hf was conducted on smooth and notched (K^ = 3.0) 
test specimens at room temperature and 1144®K (1600®F) at an "A" 
ratio of infinity. Due to the elimination of NASA-TRV7-R as a 
program alloy in Task V, only room temperature tests on smooth 
test specimens were conducted on this material. 

A number of test specimens failed in the threaded area, par- 
ticularly at room temperature. In an attempt to avoid this kin'^ 
of failure, several specimens were remachined to a minimum gaae 
diameter of 0.51 cm (0.20-inch) and subjected to test. As can be 
seen from the results included in Table XLIX . the attem pted cor- 
rective action did not succeed. 

The room temperature and 1144*K (1600®F) fatiaue strenaths of 
both MAR-M 247 and MAR-M ?00+Hf appear identical for smooth, 
uncoated specimens. At 1144®K (1600®P) both allovs are notch 
v.’eakened v;ith MAR-M 200+Ff less affected than MAR-M 247. 

The estimated endurance limits for the specimens tented under 
Task III are given in Table LI. The degree of unexpected scatter 
in the test results obtained precluded the ability to make a mean- 
ingful statistical analysis of the results obtained, 
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Fiqure 38. Low-Cycle Fatigue of Exothermically Cast DS MAR-M 247, 
[Longitudinal- Data, 1035»K (1400"F) , Load Controlled, 
A a 1.0, Kt = 1.0, Smooth Uncoated Test Specimens 
Machined from Separately cast Test Bars] 



Figure 39. Low-Cycle Fatigue of Exothermically Cast DS MAR-M 247 
[Longitudinal Data, 1033®K (1400°F) , Load Controlled, 
A = 1.0, Kt = 1.8, Notched Uncoated Test Specimens 
Machined from Separately Cast Test Bars] 




STRESS MPa (KSI) ® STRESS MPa (KS!) 





100 1000 10,000 100,000 

CYCLES TO FAILURE 

40 . Low-Cycle Fatigue of Exothermically Cast DS MAR-M 247. 
[Longitudinal Data, 1033®K (1400"F), Load Controlled, 

A = 1.0, = 1.0, Smooth RT-21 Coated Test Specimens 

Machined .irom Separately Cast Test Bars] 



100 1000 10,000 100,000 

CYCLES TO FAILURE 

Figure 41. Low-Cycle Fatigue of Equiaxed INlOO. [1033“K (1400®P) , 
Load Controlled, A a 1.0, = 1.0, Smooth Uncoated 

Test Specimens Machined from Separately Cast Test Bars] 






tSbCTW^vT — lltOU-cyCLE-FATIOUB TEST RR3UI.T8 OH PS HBR-H 247 

Ho«t trodtmonti 1505 *K (2250*P) foe 2 hout», plu» 

1255*K (1B00*F) for 5 hours, plus 
1144‘K il6 )0»F) for 20 hours 

-CIS ( 0 . 25 -Lnch) tcsf spsclsi maohlned from aoparstoly oast tost bars,) 


Speclsicn 

nunbor 


|C.e 4 -csi (0,25-lnch> teat spsclm ■ n 

a 

A Toiapficjturs 
configuration Ratio 

SHsOoth RT 


AUornai'lng 

stroas# 


1144 (1600) I 


Motclicd ■ 
(K. - 3) 


1144 (1600) 


a (ksi) 

to failuro 

6B9 tlOO) 

5,000 

689 (100> 

6,000 

621 

(90) 

16^000 

621 

(90) 

25,000 

552 

(80) 

23,000 

552 

(60) 

55,000 

517 

(75) 

42,000 

4S3 

(70) 

211,000 

414 

(60) 

806,000 

34S 

(SO) 

2,206,000 

345 

(50) 

734,000 

483 

(70) 

22,000 

483 

(70) 

70,000 

414 

(60) 

214,000 

414 

(60) 

389,000 

379 

(55) 

486,00.0 

345 

(50) 

504,000 

345 

(50) 

236,000 

276 

(40) 

867,000 


Broke in threaded area 


I Broke in threaded area 


Broke in threaded area 


276 (40) 
207 (30) 

10.000. 0004' 

10.000. 0004 

552 (80) 

9,000 

552 (80) 

13,000 

483 (70) 

20,000 

414 (60) 

29,000 

345 (50) 

61,000 

345 (50) 

72,000 

276 (40) 

147,000 

276 (40) 

188,000 

207 (30) 

390,000 

207 (30) 

519,000 

172 (25) 

3,189,000 

138 (20) 

10,000,0004 

483 (70) 

4,000 

483 (70) 

3,000 

414 (60) 

4,000 

_414 (60) 

5,000 

345 (50) 

10,000 

345 (50) 

15,000 

276 (40) 

128,000 

276 (40) 

188,000 

207 (30) 

1,389,000 

207 (30) 

2,543.000 

172 (25) 

147,000 

138 (20) 

10,000,0004 


. e..4-4sv al ternating atrero 
a A Ratio - Bean atceot 

t Teat ronachlned to 0«508'*cni (0*200-inoh] gage diameter 





- table XLVIi: ~ ~HIOTi-CYCI,E-FATl(iUl^ aiM- BE3ULT8 OS RT-21 DS MAR-M 247 

H«at treatment! 1505“K (22S0T) foB 2 houra, plus 
" ® 1255‘‘K {X800*P) for 5 houra, plus 

1144*K (X600*P) for 20 houra 


[configuration I Ratio 


Smooth 


Smooth 


1144 (1600) 


ter noting 
streaa, 

>a (Ksi) 

Cyclee 
to failure 

Remarks 

483 (70) 

47,000 


414 (60) 

97,000 


414 (60) 

545,000 

Bro)ce in threaded area 

379 (55) 

629,000 

Bro)ie in threaded area 

379 (55) 

1,018,000 

Bro)ce in threaded area 

345 (SO) 

1,316,000 

Broke in threaded area 

345 (50) 

1,076,000 

Broke in threaded area 

276 (<0) 

7,320,000 

Broke in threaded area 

241 (35) 

10,000,000+ 

Test terminated 

241 (35) 

10,000,000+ 

Test terminated 

— 

414 (60) 

32,000 


414 (60) 

293,000 

Broke in threaded area 

379 (55) 

125,000 


345 (50) 

1,435,000 


345 (50) 

645,000 


310 (45) 

235,000 


276 (40) 

3,672,000 

Broke in threaded area 

276 (40) 

10,000,0004 

Test terminated 

241 (35) 

10,000,0004 

Test terminated 

207 (30) 

10, 000,0004 

Test terminated 


A Ratio 


alt e matina etreaa 
mean atceaa 





































TABLE L. HIGH-CYCLE-FATIGUE TEST RESULTS ON DS NASA-TRW-R ALLOY 
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TABLE LI, ESTIMATED ENDURANCE LIMITS OF DS TEST 

SPECIMENS MACHINED PROM SEPARATELY CAST 
TEST BARS 



Temperature, 



Estimated 
endurance limit 

at 10^ Cycles, 


Notched 

Coated i 

Al\oy 

®K («F) 

specimen 

specimen 

MPa (ksi) 


Results at A S 00 


MAR-M 247 

Room 

1 

No 

No 

310 (45) 

MAR>tM 247 

Room 

Yes 1 

No - 

138 (20) 

MAR-M 247 

Room 

No-.--.- - ' 

i 

Yes 

241 (35) 

MAR-M 247 

1144 (1600) 

No 

No 

262 (38) 

MAR-M 247 

1144 (1600) 

Yes 

No 

138 (20) 

MAR-M 247 

1144 (1600) 

No 

Yes 

262 (38) 

MAR-M 200+Hf 

Room 

No 

No 

310 (45) 

MAR-M 200+Hf 

Room 

Yes 

No 

124 (18) 

MAR-M 200+HE- 

1144 (1600) 

No 

No 

262 (38) 

MAR-M 200+Hf 

1144 (1600) 

Yes 

No 

193 (28) 


Results at A = 

0.95 


MAR-M 247 

Room. 

■ No 

No 

462 (67) 

MAR-M 247 

1144 (1600) 

No 

No 

379 (55) 











5. Physical properties . Tests were conducted by Southern 
Research Institute on .the thermal expansion and conductivity of 
MAR-M 247 and NASA-TRW-R alloys in the fully heat-treated condi- 
tion. Tests were made in triplicate and the thermal properties of 
the two alloys were virtually identical. The thermal expansion 
curves are presented in Figure 42 and the thermal conductivity 

curves in Figure 43. 

Static modulus-of elasticity was determined from the Task III 
tensile test data. The static moduli are presented in Table LII 
and compared to the dynamic moduli determined by Southern Research 
Institute in Task II on the same DS alloys. Results of the two 
methods of measurement generally agree at room temperature, but not 
at eievated temperatures. 

6. Oxidation and hot-corrosion testing . - Oxidation and hot- 
corrosion tests were conducted in an AiResearch test rig on sam- 
ples of coated and uncoated DS alloys. 

The test rig design is described in the following paragraphs, 
and is shown schematically in Figure 44 and in the photos of 
Figure 45. The burner rig is a version of an oxidation/hot- 
corrosion burner rig that has been used extensively in industry to 
study hot corrosion of superalloys and coatings. The AiResearch 
burner rig has the following features; 

o Automatic-temperature measurement and control with an 
Ircon radiation pyrometer system that can control tem- 
perature either by fuel flow or airflow to within ±10“F, 

o Automatic burner cycling between two temperature set 
points, in addition to controlled automatic cycling to 
room temperature by airblast. 



367 478 589 700 811 922 1035 

(200) (400) (600) (800) (1000) (1200) (1400) 

TEMPERATURE, °K («F) 


1144 1255 

(1600) (1800) 


b. NASA-TRW-R 

Thermal Expansion of Exothermically Cast DS MAR-M 247 
and NASA-TRW-R 
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THERMAL CONDUCTIVITY, CAL(CM)/(HR)(Cm2)(OK) [BTU(IN.)/(HR)(Ft 2)(OF)I 
oo'o-^-^ ooo 


1.40(250) 


1 . 12 ( 200 ) 


.56(100) 


.28(50) 



.40(250) 


. 12 ( 200 ) 


.84(150) 


.56(100) 


367 478 589 700 811 922 1033 1144 1255 1366 

(200) (400) (600) (800) (1000) (1200) (1400) (1600) (1800) (2000) 

TEMPERATURE. °K (**F) 
a. MAR-M 247 



367 478 589 700 811 922 1033 1144 1255 1366 

(200) (400) (600) (800) (1000) (1200) (1400) (1600) (1800) (2000) 

TEMPERATURE, ®K (®F) 
b. NASA-TRW-R 

Figure 43. Thermal Conductivity Exothermically Cast DS MAR-M 247 
and NASA-TRW-R 
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Figure 44, Schematic of AiRegearch Oxidation 
Hot-corrosion Burner Rig 
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o Controlled addition of aqueous sea salt solutions, sul- 
fur, or any other desired contaminant to the burner 
flame. 

o Sophisticated control system to allow continuous, 
unattended cyclic testing with automatic shutoff if 
undesirable conditions develop during a test. 

o Sample holders that normally hold eight test samples and 
can be rotated at up to 2000 rpm to ensure that all sam- 
ples are exposed to the same- burner . conditions. 

The oxidation/hot-corrosion burner rig test conditions and 
test results are presented in Tables LIII and LIV. No significant 
degradation was observed on the coated MAR-M 247 samples after 510- 
hours oxidation at 1311®K (1900®F) as shown in Table LIII. How- 
ever, the uncoated MAR-M 247 sample was heavily attacked by hot 
corrosion after 310 hours at 1200®K (1700®F) as shown in Table 
LIV. Of the three coated alloys exposed in the same hot-corrosion 
test, MAR-M 247- showed very little attack, while the coatings 
failed at areas of lower temperature on the MAR-M 200+Hf and 
NASA-TRW-R alloys as shown in Figure 46. 

7. Metallographic examination . - With the assistance of 
Micro-Met Laboratories of Lafayette, Indiana, metallographic 
examination was performed on three high-rupture-time MAR-M 247 
stress-rupture specimens. The basic stress-rupture test history 
(refer to Table XXXIX) was as shown in Table LV: 
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Figure 46. Task III, Hot-Corrosion Specimens after 310-Hoi 
Exposure at 1200'»K (1700®F) to 5 ppm Synthetic 
Salt Added to the Combustion Products of Jet-A 
Fuel 
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iAbLE— LV. BASIC STRESS 

-RUPTURE 'rEST HISTOkY 

Specimen 

number 

Test temperature, 

*K (“Pi 

Stress, 
MPa (ksli 

Rupture time, 
hours 

148-6 

1033 (1400) 

668 (97) 

1259.9 

148-1 

1144 (1600) 

317 (46). 

1270.0 

I 153-11 

Initia 

1255 (1800) 

131 (19) 

1678.3 


-■< escaDiisned that an 

(1800“^ r «tess-rupture testing at 1255*K 

Let \ examined was neat the 

Lanoth examination 

o£ another section in the thread area of the test specimen showed 

ratherThan^r^"' suggesting that thermal exposure 

ather than stress, was the primary driving force in the formation 

oatL hy'Zri r " - ‘■'- 

ext ‘^“ses 49 and 50 illustrate some of the results of the 
extensrve metallographic wort performed by Micro-Met Labor- 

1255 K (1800 P), and identified it as the MgCcarblde phase. This 
L LsT 'eTo Th ' “'sss-rupture specl- 

fhe lame h^at af s^rmeTlLL^ttL” ^ 

.0 a condition of ^ 1283 ": LLL, ^hTa: the LLLIZ:: 

maLL^uoTLL"”"'' 


Phase'^ll structure and the morphology of the aclcular 

in Figure I 9 "'"1 ' specimens, as shown 

igure 49. in contrast. Figure 50 shows the structure of 
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(MAG.: 500X} 


Figure 47. Microstructures of DS MAR-M 247 Stress-Rupture 
Specimen No, 159-11 Tested at 1255®k/131 MPa 
(1800®f/19 ksi) for 1678.3 Hours, Note Needles 
of Acicular Phase 



(MAG.: 100X) 


Figure 48, Microstructure of DS MAR-M 247 Stress-Rupture Test 
Specimen No. 14B-1 Tested at 1.144 “k/ 3 17 MPa 
(16 00 ®P/ 46 ksi) .^jr 1270 Hours. The Acicular Phase 
Permed at 1255 ‘‘K (1800®F) is Absent 
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(MAG.; 1000X) 



(MAX.; 1000X) 


Figure 49. Mictostructures of DS MAK-M 247 Stress-Rupture Test 
specimen Nos. 159-11 [Tested at 1255®k/131 MPa 
(1600®f/19 ksi) for 1678.3 Hoursl and 148-7 [Tested 
at 1255®k/151.7 MPa (l800®F/22ksi ) for 646.2 Hours]. 
Specimens were Subsequently Exposed at 1283 ®K 
(1850®F) for a Total Combined Time of Approximately 
1600 Hours. The Acicular Phase is Evident ^n Both 
Specimens. Metallography by Micro-Met Laboratories , 
Inc. 
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Figure 50, 


Microstructures of DS mar-m 247 Stress-Rupture Teat 

speciinen was Tastad a“u4i?K 

AcLuiL ‘ i£°° «»“«• «o 

Acxcular Phase was Present. Metallography bv 
Micro-Met Laboratories, inr. ^ ^ ^ 



Ptress-rupture specimen tested at 1144*K (1600®?) for 1270 

hours. No acicular phase was evident at either magnification 
(lOOOX or 3000X) . 

Probable identification of the occurance of the acicular 
phase after stress and temperature exposure of 1255®K (1800®?) was 
accomplished by extraction and identification of second phases 
fron the matrix of a new .OS’ MAR-M 247 blade (158-14) exposed to 
1283 ®k (1850®?) for 1000 hours.. The higher temperature was 

selected to accelerate the kinetics of the nlate formation. The 
upper Photo on Figure 51 depicts the acicular phase formed. The 
lower photo depicts- the second phases in this blade after chemical 
extraction from the matrix. The platelets- present in the 
extracted residue were positively identified as MgC. In fullv 
heat-treated MAR-M 247, MgC forms with time at about 1255®K 
(1800®?) from the script carbides orioinally present in the as- 
cast and heat-treated structure. This structural chance has no 
adverse effect on either strength or ductility, as evidenced by the 
1255"K (1800®?) long-time stress-rupture tests on M.AR-M 247. 

These results were completely consistent with Larson-Miller para- 
metric life predictions made from shorter time test data. 
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(MAG.: 3000X) 


Figure 51. 


Formed in ds MAR-m 247 Specimen 

£ - ir 

Metallography by Micro-Met Laboratories; inc. 
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TASK IV - BLADE DESIGN 


Scope 

Task IV included the design activity required for the devel- 
opment of a solid, uncooled, exothermically cast, DS high- 
prefe-^ure turbine blade for the TFE731-3 turbofan ei.gine. This 
task was performed concurrently with Tasks I, II, and III. Two 
blade designs, were established in Task IV— the preliminary 
(initial) design and the final design. 

The preliminary design was established early in the program 
to provide a blade casting design suitable for use in the 
development of the exothermic DS casting process and associated 
material evaluations of Tasks I, II, and IJI. This design was 
based on preliminary MAR-M 247 data collected early in the pro- 
gram. 


Actual material properties and other data obtained from pre- 
liminary design blades cast in each of the four alloys during the 
performance of Tasks I, II, and III were used in establishing the 
final blade design. The geometry of this design made it neces- 
sary to modify the turbine disk, nozzle, and other turbine com- 
ponents of the TFE731-3 Engine to permit effective integration of 
the blade into the engine assembly. The redesign of these tur- 
bine components was accomplished in Task IV. 
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Preliminary Design - High-Pressure Turbine (HPT) Blade 

^ odynamle design - pre limina ry deslen hisa. The preliml- 
nars; blade design using only mar-m- 247 material properties was 
established for design and casting purposes while a comprehensive 
effort was in progress on the final airfoil design. Details of 
the aerodynamic design of the selected preliminary, blade airfoil 
are shown in tables IVI through LVlIl and Figures 52 through 59. 

1- vec tor diagram . The flow path-used for the preliminary 
esign was the same as the existing TFE731 Engine with the 

fmoL/'^^”” nomenclature) defined as 


(a) The radial distribution of the stator exit angle, « 
and the rotor relative exit angle, p are shown ii 
Tables LVI and LVii and in Figure 52. " m this blade, 

increases while aecreases from hub-to-tip. This 
results in a higher hub reaction but lower twist, which 
IS favorable from the viewpoint of stress and vibra- 
tion. (Twist is defined as the difference in stagger 
angle between the tip and the hub). 

(b) The vector diagram yields essentially the same pressure 
ratio and corrected mass flow as that of the Standard 
engine. The distribution of the relative critical Mach 
numbers, flow angles at the rotor inlet and exit, and 
reaction are shown in Figure 54. 

2- Slais_5eomstr£, This blade design is. generated from two 

one‘"t cn. (4.24 inches)) and 

e at the tip (R . i4.i6 cm (5.57 inches)), with a linear rela- 
tionship in between. The geometry data defining the blade sec- 
tions IS presented in Table LVIIl. 
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TABLE LVI . STATOR EXIT FLOW ANGLE DISTRIBUTION - TASK IV 
PRELIMINARY DESIGN BLADE- 


I 


Radius^ R 
cm {in.) 


10.985 

,..,n.270 

11.557 

11.849 

12.141 

1^.441 

13 . 061 - 

13.385 

13.721 

14.072 


( 4 .- 325 ) 

( 4 , 437 ) 

( 4 . 550 ) 

( 4 . 665 ) 

( 4 . 780 ) 

( 4 . 898 ) 

( 5 . 143 ) 

( 5 . 270 ) 

( 5 . 402 ) 

( 5 . 540 ) 


Stator exit flow angle, a, , 
deg. ^ 


62.234 

63.175 

64.124 

65.084 

66.057 

68.060 

69.097 

70.167 

71.276 

72.434 


TABLE LVI I. ROTOR EXIT RELATIVE FLOW ANGLE DISTRIBUTION - 
TASK IV PRELIMINARY DESIGN BLADE. 


Radius, R 
cm (in.) 


10.775 

( 4 . 242 ) 

11.214 

( 4 . 415 ) 

11.613 

( 4 . 572 ) 

11.984 

( 4 . 718 ) 

12.334 

( 4 . 856 ) 

12.667 

( 4 . 987 ) 

12.984 

( 5 . 112 ) 

13.292 

( 5 . 233 ) 

13.589 

( 5 . 350 ) 

13.876 

( 5 . 463 ) 

14.155 

( 5 . 573 ) 


Rotor exit relative flow angle, 

deg . 2 


- 59.357 

- 58.757 

- 58.242 

- 57.824 

- 57.411 

- 57.003 

- 56.609 

- 56.211 

- 55.788 

- 55.377 

- 54.957 


TABLE LVIII. PRELIMINARY DESIGN DS HIGH-PRESSURE TURBINE BLADE GECWETRY AND AERODYNAMIC 
DATA 


































The blade geometry of the hub and tip is shown in Figure 55 
and 56, respectively. Figure 57 shows the stack with the blade 
center- of gravity as the stacking axis illustrating the low-t.n?t 
(14 degrees, 17 minutes) feature of this design. 

A high camber with a large tralling-edge wedge angle helps 
avoid blade vibration problems, especially, in the tip region. 
The preliminary design blade had a camber of 92 degrees,, and a 
half“wedge angle of 6 degrees at the tip.- - The tip section of the 
preliminary design blade was- relatively thick 
(0.11 inch)], yielding an area ratio of 2.5;1, hub-tO-tip. The 
area distribution is shown in Figure 58. 

3. Blade loading. The calculated loading of the two design 
sections of the preliminary design blade are shown in Figures 59 
and 60. 

The hub section has a degree of reaction of 13.2 percent. 
At this value it is inevitable that some deceleration will occur 
in the rear portion of the suction .surface, beginning at an axial 
chord position of 37.5 percent. The corresponding velocity ratio 
for this deceleration process is 1.23, and. the pressure ratio is 
1.19. For the tip section, where the reaction is relatively 
high, it is possible to design a suction surface with continuous 
acceleration. 

None of the sections exhibit a supersonic region. The maxi- 
mum values of the surface critical Mach number is 0.91 for the 
hub and 0.81 for the tip. Therefore, the high trailing-edge 
wedge angle will not cause the loading to deteriorate, as shown 
in Figures 59 and 60. 


iC4 




The trailing-edge blockage la 13 percent at the hub and 5.2 
percent atJthe tip, The hub values [12.2 percent at R » 10.77 cm 
(4.24 inch)! is comparable to the original design while the tip 
value (8.5 percent) is lower than the original. 


Stress and thermal analyses. With the area distribution o£ 
the blade as defined in Figure 58» the average centrifugal stress 
was calculated at the take-off condition for MAR-M 247. These 
stresses are shown in Figure 61. Using the calculated stresses 
and average metal temperature of the uncoated blade as shown in 
Figure 62, the stress-rupture life of the blade airfoil was 
determined based on preliminary DS MAR-M 247 data as shown in 
Figure 63. The calculated stress-rupture life is listed in 

Table LIX. 



Radius, 
cm (inches) _ 

Calculated 
Stress, 
MPa (ksi) 

Temperature, 
OR (OF) 

Normalized 

Stress- 

Rupture 

Life 

11.18 (4.40) 

211.7 (30.7) 

1193 (1688) 

1.37 

11.43 (4.50) 

199.9 (29.0) 

1208 (1714) 

1.03 

11.68 (4.60)® 

189.6 (27.5) 

1213 (1724) 

1.00 

11.94 (4.70) 

175,8 (25.5) 

1215 (1727) 

1.64 

12.19 (4.80) 

162.0 (23.5) 

1215 (1727) 

2.74 

a Critical 

Section 


The calculated life for the critical section at take-off condi- 
tions was considered acceptable for the preliminary design blade 
with reference to operation in the expected environment of the 
planned 150-hour cyclic engine test. 


No effort was made in the preliminary design activity to 
define a blade shank or platform. 
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temperature 









Pinal Design - High-Pressure Turbine Blade 


The final design of the uncooled exothermically cast 
directionally-solidified . high-pressure turbine blade for the 
TPE731-3 utilized the material properties of DS MAR-M 247 as 
determined in Task IIX> This material was selected based on the 
test results obtained in this project, plus excellent potential for 
future high-temperature applications- in the gas turbine industry. 
As in all turbine blade designs, the final design was the result 
of many interactions and tradeoffs between aerodynamics, metal 
temperatures, stresses, vibrations and other considerations. 
Only the final results of these analyses are presented herein. 


Aerodynamic design - final design blade. Details of the 
aerodynamics of the final design blade are presented in Tahl p t.v 
and Figures 64 through 77. 

1* Vector Diagram. A different vector diagram is required 
for the final design blade even though the flow path is the same 
as the original TPE731 high-pressure turbine. 

Figures 64 through 67 - present characteristic data of the 
mixed-out vector diagrams. Figure 64 shows the absolute critical 
Mach numbers and the flow angles at the stator inlet and exit. 
Figure 65 shows the relative critical Mach numbers and the 
relative flow angles at the rotor inlet and exit, while Figure 66 
shows the rotor reaction. The low twist diagram yields a high 
hub reaction (14.3 percent), while the tip reaction is slightly 
lower than previous designs. This reaction results in a higher 
total relative temperature, T", in the hub region. T”, non- 
dimensionalized by the absolute total temperature at the turbine 
inlet versus the radius, is shown in Figure 67. 


169 


TABLE LX. FINAL DESIGN TFE731-3 HIGH-PRESSURE TURBINE BLADE GEOMETRY AND AERODYNAMIC DATA 















Figure 64 . critical Mach Numbers and Flow Angles Versus fiadius for the 
Stator 
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Figure 70. Rotor Hub Section [R 
mate Pinal Design 
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The velocity triangles cocjrAaponding- to the hub,, the_roeaJt, 
and-the-tip st.ceamlines ace shown in_P.tgure 68, Low-twist aero- 
dynamic design requires- little vac-iation of stagger— angles from 
hub to tip. To achieve this, the. radial variation -of both the 
inlet and the exit blade angles, and )S2^must be minimized. The 
small radial variation of is obtained by: 

(a) Increasing the stator exit flow angle at tip, and 
reducing it at hub CEigure 64.) ; This ■•.’ill yield a 

higher relative inlet flow angle to the rotor at the 

tip, and decrease that at the hub.- This results in a 
difference of only 15 degrees between hub and tip 
(Figure 65) . 

(b) Using negative incidence for. the tip portion; Negative 
incidence, will increase the inlet blade angle in the 
tip region, resulting in a small variation of the inlet 
blade angle. 

The small radial variation of ^2 is obtained by decreasing the 
exit flow angle ^2 at tip, and increasing it at hub, (Figure 65). 

This design yields a work distribution as showa in 

Figure 69*. The curve shows the work distributions nondimen- 
sionalized by the. average value for the whole stage (E^^^) . The 
work distribution provides neatly zero average exit swirl and 

very low exit loss. For example, the mass-momentum averaged 
vaLues-.at the__ tucblne-exit arer 

Exit Swirl Angle « 1.81 degrees 

Exit Absolute Critical 
Mach Number = 0.386 
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2.„ B juade -G eome tj V , Three cylindrical- design sections are 
ased -at the following radii to def-ine thdLs blade: 

Hud;-. R = 10.77 cnv~(4-.24 in.) 

Mean-i R = 12.38 cm (4.87 in.)* 

Tip:: R_.= 14.16 cm (5.!i7 in.) 

The inlet and exit conditions are- obtained- from the vector 
diayram (see Figure. 85)., 

The blade configuration is directed toward high camber ^ low 
twj.st»_ and. a. large . trailing-edge wedge, angle, with, a .thicker 
trailing ed ge to avoid vibratory problems. However,.,, a large 
trailing-edge wedge angle and— a thick trailing edge can result in 
a large efficiency, penalty, especially in -the transonic range. 
They also tend to decrease the anea ratio if they result in a 

larger tip area The twist may eventually be farther decreased 

by,.m©ving the tip nose down and the hub nose up, while maintain- 
ing both the blade angles and throat width. The final blade, 

geometry was generated through a number of iterations to obtain 
tha best compromise between mechanical, thermal, and aerodynamic 
requirements . 

The blade geometry data for these three design sections are 
given in Table LX. The three design sections ate- shown in 
Figutes_7.&, , 71 and 72.. The. area -diet ributiort for plane sections 
is shown -in Figure 73 and the trailing-edge blockage is shown .in — 
Figur e 74. 
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The lean and tilt 


for this blade at.eL_ah,own below:- 


Radiua, 
cm (in« ) 

10.774 (A. 2 42 
12.375 C4-.a72-) 
14.155 (5.573) 


Lean Relative 
to CG [cm (in.-)l 

- 0 --_ ( 0 ) 
0.06-25 (0,0246) 
- 0 - -.-.-( 0 ) 


Tilt Relative 
to CG [cm ( in.. ) 1 

“O'” (0). 

0.0622. (0.0245). 
0.1358 (0.0535) 


Positiv^Lean- Ls taward the dir^ction.of rotation. Positive tilt 
is toward the trailing edge. 


3., Rotor Blade Loading. Figures 75. through 7.7- show the 
critical Mach number, versus axial distance for the three-design 
sections. For the hub section where the reaction is only L4.3 
percent, it is inevitable to have a deceleration in the rear por- 
tion of the suction surface. This mild deceleration will not 
cause separation of the boundary layer. The reaction of the mean 
section is high enough to achieve a continuous acceleration of 
the suction surface. The suction surface of the tip section-has.. 
a minor deceleration. 


The relative critical Mach number is subsonic everywhere.- 
Conseq.uently , the high wedge angle and high turning as well as 
the higher thlokhess at- the trailing edge have no adverse effects 
on the loading. The resulting high turning contributes to a 
higher loading in the rear portion., resulting in a nearly con- 
stant suction surface velocity near the trailing edge for the tip 
section. 


The trailing-edge blockage ranges between .14.3 percent to 
4.4 percent from hub— to— tip (Table LX and Figure 74). 
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Thermal-. Analysis,- The metal temperatures o£. an uncooled - 
turbine blade are primarilx_dependent upon-the temperature cxf_the 
gas stream relative, to the blade Conduction into the 

blade/disk firtree, ^radiation, and other factore have only, minor 
eftects on blade-^metal temp.erature. The nominal. total .gas stream- 
temperatures, (T^j^g.)., relatijve gas temperatures CT'g) , and corre- 
sponding blade-metal, temperatures (TfiETAlJ shown in Pigure—7-8L. 
Details -Of the- thermal finite-element .model and temperature 
results— are- shown in Figures 7-9l and 80., These- temperatures were 
determined -considering limited cooling air. supplied to .. the 
blade/disk- firtree -region.. Reduced cooling air. and the. forward 
seal plate- were retained for the uncooled DS blade design 
because: 

(a) A limited amount of cooling air is required for the 
Waspaloy disk firtrees 

(b) Minimum hardware changes were desired when adapting the 
DS blades to the production TFE731-3 Engine for the 
required engine, testing 

(c) The forward seal plate provides a limited amount oif vibra- 
tion damping for the HPT blade,. especially in the 

lower, stronger vibratory modes 

Stress analysis.. Part of the design philosophy for the 

final DS blade design was aimed at increasing the blade life at 
the "cr iticaL section" . Traditionally, this section is between 
1/4 and-1/3— span where the combination of increasing blade-metal 
temperature and decreasing centrifugal stress results in minimum 
stress-rupture life. As shown by the normalized s.tress-rupture 
life in F-igure 81, the blade critical-section occurs at 11.68 cm 
(4.60 inches) radius. 
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AVERAGE STRESS, MPa (KSI) 



METAL TEMPERATURE, (°F) 





The- nominal-blade centc-ifugal- stresses are based on the fol- 
lowing equation. 

<^CENT. " ^ 


A 





■^1 

M 


where: CENT » Centrifugal stress at the- critical -sections 


A » Cross section area of the critical sections 


p = Density of blade material — 


1 


V * Volume of blade material above critical sec- 
tion 

R = Radius to center of gravity of voiume...(V) 
g = Gravitational constant. 


w = Rotational velocity of the airfoil 


To reduce the stress at this section two precepts were followed; 

o Minimize the area of the blade tip section — this tends 
to. reduce the load- on the .critical section . and there- 
fore the stress 


o Maximize the area of the critical, section — this tends — 
to reduce the stresses by increasing the area over 
which the load is applied. 
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Using these -two ideas plus mairi tattling, areas at- a- 4 nininuun 
radially inward irora.bath the tip and ccLtical -sections - results 
ie the -blade cross-section area distribution as. shown earlier in 
Pigute 73, and an average stress distribution as shown in Figure 
82. 


Results o£ the . detailed stress analysis are presented in. 
P’ig.ures-83 through 8L. The finite-element, nodal breakdown -for. 
the- stress- analysis is shown in Figures 8.3, 84 and 85.. The equiv- 
alent stress results -for both the. pressure and . suction., sides of 
the. airfoil are shown in Figures . 86 and 87, respectively, with 
the traiiing-edge stress versus radius shown in Figure 88. Tlie 
equivalent - stress distribution and ..deformation of the critical 
section is shown in Figure 89, and the equivalent stresses in the 
shank region are shown in E'igyres- 90 and 91. The equivalent 
stress is a calculated stress that. equates an existing triaxial 
stress field -to an equivalent uniaxial stress., based on the dis- 
tortion energy theory of elasticity. This "equivalent" stress 
can then be compared more realistically to available uniaxial 
material strength data. 

Vibration analysis. The final design of the uncooled high- 
pressure turbine blade was designed to operate aerodynamically_ 
with a new 26-vane nozzle. Details of this nozzle design are. 
covered in a subsequent section of thisreport. The interference 
vibration diagram for the final design blade is shown in Figure 
92. 


Final-Xiesign - High-Pressure Turbine Vane 

Aerodynamic design. The stator vane was redesigned to match 
the final design uncooled,^ low twist high-pressure turbine blade. 
The velocity triangles and vector diagrams are shown in Figure 
68. Design constants for this vane are as follows; 
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Figure 88, Final MATE Blade Design Trailing-Edgc 
Stresses 
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Figure 92. TFE731 Viiaration Interference Diagram — MATI 
Final Design, DS MAR-M 247 Blades? Machined, 
Heat Treated, and Coated 
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(a) The number, of vanes was fixed at 26 

(b) Airfoil sections must have. -sufficient thickness to 
allow for cooling 

(c) The axial. -chord length must fit the exacting engine 
flow path 

Satisfying these conditions does not create any difficulty 
at the tip (shroud) section, but for the hub sections some minor 
problems were encountered. A compromise was made to slightly 

decrease the maximum thickness to obtain satisfactory loading 

while utilizing a cooling tube with a smaller area at the hub. 
Table LXI contains the geometry parameters necessary to generate 
both the hub and tip design sections. Table LXII shows the inte- 
grated throat area versus stagger. Figures 93 and 94 show the 
two design sections, while Figure 95 is a stack of plane sec- 
tions. Vane loading is shown in Figure 96 and 97. 

Thermal analysis. Details of the vane temperature calcula- 
tions are shown in Figures 98 through 103. The pressure distri- 
bution around thff two vane sections (base and tip) are shown in 
Figures 98 and 99, while Figures 100 and 101 show the heat- 
transfer coefficients used in the thermal calculations. The 
resulting calculated adiabatic wall temperatures are shown in 
Figures 102 and 103 for the base and tip sections. 

p ^ s _ ign parameters. Stress analysis of cooled turbine vanes 
is an inexact science. As the structures become more complex for 
cooled or hollow airfoils, the effects of thermal gradients, ther- 
mal transients, pressure distribution, and other factors become 
more difficult to predict with the desired accuracy. Tradition- 
ally, vane design is accomplished by comparing the design param- 
eters of the new vane with an older proven design. When this is 
accomplished, and an acceptable design is produced, the next step 
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TABL^ LXI. DESIGN OATA FOR THE 26 VANE TFE731 HIGH-pRESSUHE TopSINE STATOR 


WSWPIP' 






s ^ 


t 
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TABLE LXII. 26-VANE. TEE731 HIGH-PRESSURE TURBINE STATOR 
INTEGRATED THROAT AREA—VS. STAGGER 


Design, 
ees 


Integrated- throat area 
between R « 10,985 cm (4.325 in.l 
and 14,07 cm (5,54 in.), cm'^ (in."^) 


-4.0- 

101-.7W- 

. a 5 .77.4.) 

-3.0 

9S.180 

(15.218) 

-2.0 

94.561 

(14.e57) 

-1 .D 

90.909 

(14.901) 

0 

87.J232 

(13.521) 

1.0 

83.529 

(12.947) 

2.0 

79.800 

(12.369) 

3.(1 

74.103 

(11.786) 

4.0 

72.258 

(11.200) 












Figure 96. Stator Hub Section Loading 



Figure 97. Stator Tip Section Loading 
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is to construcJi the new vane and~su&ject it to comprehensive 
testing and evaluation. .Table LX I II- shows tbe~ result o£ the 
parametric study between the new vane (?.6/nozzle) , and the stand- 
ard-TFE731-3 vane (36/nozzle) . As can be seen in this ^able, the 
new cooled 2&avane design compares favorably with the cooled pro- 
duction vane. 


Final Design - Other Components 

The high-pressure turbine section of the standard TPE731-3 
Engine is shown in Figure- 104_ Both the final design of the DS 
high-T pressure turbine blade and the new- 26-vane high-pressure 
turbine nozzle were added to the high-pressure turbine section as 
shown in Figure 105. This design requires eu minimum number of 
new parts, thus utilizing most of the existing engine test hard- 
ware — 


High-pressure turbine disk - Part Number 3072748-1. The 
high-pressure turbine disk designed for the uncooled DS turbine 
blade utilizes the same disk. contour , firtree configuration, and 
cur vie coupling as the TFE731-3 disk. Only the rim area has been 
changed to accepi the new blade. With cooling air retained for 
the disk firtree and the blade rim load.. essentially unchanged,, 
the stresses in the disk have- not been appreciably affected by 
this redesign. 

High-pressure turbine shroud - Part Number 3072344-3. The 
circumferential length of the high-pfessute turbine shroud seg- 
ments has been shortened to allow greater unrestrained circumfer- 
ential expansion. The cooling air discharged out the blade tip 
in the TFE731-3 blade design maintains the shroud segments at a 
lower temperature than when they operate with the uncooled D£ 
blade. This higher metal temperature of the shrouds results in 
greater linear expansion of the supported shroud segments, thus 
requiring more clearance between segments. 


TABLE LXIII. DESIGH PARAMETERS - TASK IV TFE731-3 HIGH-PRESSURE TURBINE WpZZLE V^E 
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"°= . ^A S-auEe arts - Part ».,.nh.r. 
H22B3::1z,^ 72744-1 and 2 , t072745-l. , 

po. s «ore proau««d to adapt the 26-vane atatot to'the existing 

wi!h nrsT"’“f‘""'‘“ «'^“<=tute. These- ate all static co„,ponents 
signi-ficant stress/life problems. 


TASK V ^ COMPONENT MANUFACTURE 
Scope 

The objective of Task V was to accomplish the manuf actur«.' and 
quality acceptance of at least two complete sets of solid exother- _ 
raically cast DS high-pressure turbine blades for the TFE731-3 
Engine for testing in Task VI. In addition^ this task included 
the design, manufacture, and quality acceptance of a modified tur- 
bine disk, and other engine, components necessary to the installa- 
tion of the DS turbine blades in the test engine. 

The manufacture, ^preliminary inspection, and quality certi- 
fication of the blade castings were accomplished by Jetshapes. 
The machining, coating, heat treatment, and final inspection of 
the test blades, and the manufacture of the modified turbine disk 
and other required engine parts were accomplished by AiResearch in 
conjunction with production-qualified suppliers. 

Blade Manufacture 

1. Blade configuration . Two solid exothermically cast DS 
TFE731-3 high-pressure turbine blade designs were produced in the 
performance of Project 1: 

(a) The MATE preliminary design blade (AiResearch Drawing 

SKP 17560),. which was utilized for the casting efforts 
in Tasks I, .11, and III. 

(b) The MATE final design blade (AiResearch Drawing 
3072749), which is the blade designed in Task IV and 
manufactured in Task V. 

Figure 106 shows the unmachined castings for each of these 
designs. The larger physical size of the final design casting is 
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apparent in th-is ;.igure. The larger casting Is the result of the 
addition o£ extra machining stock to both ends of . the- cast blade 
root to gfovide a casting that could be used to machine two dif~ 
ferent shank designs. 

2. Blade- Acceptability Standards . Based on the results 
of Tasks-I through III, a-materials specification for MAR-M 247, 
and- an acceptability standard for-.directionally-solidif ed • turbine 
blades were prepared.. These were- utilized- for procurement of the 
MATE final design blade (Part 3072749). The MAR-M 247 materials, 
specif-ication is included in. this- document as- Appendix A, and the 
acceptability standards are included as Appendix B. 

3,. Mold Configuration . The first castings poured in Task-V 
were produced from MAR-M 247, MAR-M 200+Hf, and NASA-TRW-R alloys 
employing a 20-blade mold. This mold_was developed in. previous 
tasks, and consisted of five radial spokes with provisions for 
four blade castings per spoke. Due to the larger physical size of 
the final design blade, it was necessary to modify this mold 
conf-iguration- to allow more room for exothermic material. After 
trying several different configurations, it was determined that 
the best mold design to exothermically cast- the final dehign 
blades was a 15-blade mold having five radial spikes with provi- 
sions for three blade castings in each spoke. This design allowed 
the proper ratio of exothermic material per casting to be main- 
tained. 

To provide assurance that the modified mold configuration. had 
not adversely affected the stress-rupture strength- of the blades,, 
six. longitudinal-grain-orientation mini-bar test specimens were 
machined from DS MAR-M 247 blades of the final design configur- 
ation. Each specimen was from a blade cast in a different mold:, 
and each was subjected to stress-rupture testing at 1255®K/207 MPa 
(i800"P/30 ksi). The times-to-f ailure of these six specimens 




WGC^^_in houta; 77,7., 7.7-,9, 100,. 119.9, _B4.?-and- 99.6 »_Based -on 
Task III data,. _ the- expected average life of these blades was 
approxlrtiately 10-0 hourSn.- The— actual average ..test life of the six 
Task V spec imehe was 93.3 hours.- In-Task I, the average life of 
similar test specimens machined from preliminary desiga blades and 
tes-ted under the same test conditions was 79.6 hours.- Thus,, the 
Task -V -final desiga blades, .jyith ttie - improved heat treatment- and 
re Lined oastijig process, exhibited a .minimum llLe^ equal to ox 
greater than the average life of blades produced earlier in the 
program.- 


4. Final material selections. Fluorescent-penetrant 
inspection- of the NASA^TRW-R alloy blades cast in_Task-V revealed 
crack=-like indications on the thin .blade platforms- Visual 
insp.$ctioa. at lOX and metallography confirmed that cracks were 
present. None of the geometrically Identical Task V blades cast 
in the other two alloys had a similar problem, 

Figare 197 shows an example of a cracked NASA-TRW^^R alloy 
blade and the. microstructure in the. cracked area. iThe nature and 
location of the crack is a typical examp.le. of a casting "hot 
tear". This— can. occur in thin cast sections when a highly .alloyed 
superalloy, separatee (tears) at a grain, boundary during, solidifi- 
cation due to inadequate hot strength of the grain boundary. 

Approximately 90 percent of. the_NASA-TRW^R castings clearly 
exhibited platform .hot tears.. Since data generated in Tasks II 
and III indicated that NASA-TRW-R had the lowest strength of the 
three alloys originally selected for. engine testing, it was elimii* 
nated from- the engine test program rather than attempt to correct 
its castability problem.- Blade castings planned for this alloy 
were replaced with DS MAR-M 247 castings to support the engine 
test with the same total number of castings. 


220 


(MAG.: IX) 


(b) 


(MAG.: 100X) 


(») 



Figure 107. Photographs Illustrating 'Hot Tear Cracks Found 
in the Platform Areas of Task V Exothermically 
Cast DS NASA-TRW-R Alloy Turbine Blade Castings. 
Arrows on (A) and (C) Identify Typical Crack 
Locations. Photomicrograph (B) Shows the Inter- 
granular Path of the Crack 
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Blade finishi ng . All MAR-M 247 and MA-R-M. 2Q0+Hf cast“ 

Lnga_wete solution heat. treated- in. a. vacuum at 15D5«K (.2250®P) for 
two houca, followe4_by. inert gas quenching. “Ehe blades wex.e then 
finish- machined- to- the final- design configuration— established in 
Task IV. Figure 108 shows a typical MAR-M- 247 blade as-cast and 
after finish machining- The pressure and suet ion_s ides- of- two 
finished- blades are- shown in Figure 109. After machining, all 
blades were coated with the RT-21.- aluminide coating at 1255 K 
(ISOO^^F) for. 5 hours, followed by air. cooling, then aged for 20 
hours at 1144®K (1600®P) and followed, by alr -cooling. 

6. Blade Acceptability . After, the 15 blada=per-mold pro- 
cess had been refined, approximately. 525 blades In the three prO-- 
gtam alloys were poured- at Jetshapes. Screening inspections, to 
AiResearch acceptability criteria were made at Jetshapes, while 
final inspection was performed at AiResearch using production 
quality assurance inspectors. Table LXIV summarizes the overall 
blade acceptability, results, casting yields, and number of 
finished blades required and accepted for engine testing. 

Of the rejected .blades, all 21 of the NASA-TRW-R alloy blade 
castings were rejected for platform hot tears found during fluor- 
escent-penetrant inspection (FPL). Blades from the other two 
alloys were- rejected for. a- 'combination of discrepancies s visual, 
grain, FBI ► and X-ray^ In general, there were more rejects of the 
MAR-M 200+Hf alloy, than MAR-M 247 for hafnium-oxide inclusions. 
These manifested themselves as either high-density inclusions 
found by X-ray, or surface indications found by FBI. . The bulk of 
the rejections by AiResearch of parts shipped by Jetshapes were 
for interpretations of the DS grain acceptability limits. 

The 59-percent yield achieved by Jetshapes for the DS 
MAR-M 247 blades was considered very good for a new blade design 
at the beginning of the learning curve. Experience suggests that 






Figure 1C 9. Pressure and Suction Sides of TWO 

Finish-Machined Exothermically Cast 
DS TFE731-3 Final Design Blades 



TABLE LXIV. SUGARY OP THE YIELD OP THE FINAL DESIGN 
DIRECTIONALLY-SOLIDIPIED TPE731-3 
TURBINE BLADES CAST-IN TASK V- 


Appcoximate number of 
blades cast by 
Jet shapes 

Number of blades 
shipped to AiResearch 
by Jetshapes 

Number of blades 
accepted by AiResearch 

Approximate overall 
yield (%) 

Number of finished 
blades accepted for 
engine testing 

Number of finished 
blades required by 
contract 


MAR-M 


Alloy, 


MAR-M 

200+Hf 


NASA-TRW 


^Sadesf”'^ eliminated-from Project 1 prior to machining 







this yield will improve to— 70- to 85 percent in production quanti- 
ties, — . 


Special Engine Components Manufactuxe 

As described herein in Task IV, Blade Design, certain parts 
of the high-pxessure turbine section ..required redesign, to adapt 
the standard- TPB731-3 design- to best accommodate the final blade 
design* of the chosen, blade alloys^ As a. part of . Task -V, the 
required- special hardware was manufactured .as shown — in. Table LXV 
for assembly into the test engine. 




TABLE LXV. 


SPECIAL. HIGH-PRESSURE TURBINE HARDWARE - 
MANUFACTURED FOR TPE731-3 ENGINE TEST 
OP EXOTHERMICALLY CA&T D& HiGKhPRBSSURE 
TURBINE BLADES 


Part Number 

Nomenclatuire 

....... ... 

- 3U72748==1..— 

- — 

High-pressure turbine (HPT) Disk 

30723Aa=3 

HPT shroud segment 

3072724-1 

HPT nozzle segment 

3072743-1 

HPT nozzle. outer seal support 

3072744-1- 

HPT nozzle outer retainer 

307.2.744-2 

HPT nozzle outer retainer 

3.072745-1 

HPT nozzle-inner retainer 

307-2746-1 

HPT nozzle anti-rotation ring 

1 


Quantity 







COST AND WEIGHT OBJECTIVES 


‘i 


The Project 1 cost and- weight. goals (contractual objectives) 

are listed below. The SPC objective will be discussed -in 

Volume II of this rep ort . 

o Reduce engine weight at leastzl .percent 
o Reduce engine manufacturing costs at least 3.2 percent 
o Reduce engine maintenance- costs at least 6,2 percent, 

In the limited time available for this Project, it. was 
obviously, not feasible to ec hi eve long-term production objectives. 
However, several conclusions, and projections, can be forraulated- 
with. reasonable conf idence based on the knowledge gained~in manu- 
factur-ing and testing the uncooled DS HP turbine-blades. . Actual 
engine testing of the DS blades was accomplished in a modified 
TFE731-3 Engine, with -hardware changes kept to a minimum to avoid 
unrelated component development problems during the 150-hour test. 
If the turbine, section of the engine were redesigned- to fully 
utilize the uncooled DS turbine blade several major changes could 
be accomplished as listed below: 

o Eliminate the forward seal plate - since cooling air is 
not reguired for the DS blade, this component can be 
eliminated. 

o Redesign the firtree connector - since the DS MAR-M. 247 
blade mafetial. has superior properties as compared to 
the presertt production eguiaxed INIOO, both -the circum- 
ferential and axial dimensions of the firtree could be 
reduced through a redesign of the firtree connector, 
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affecting engine life*. 



Elngine Weight 

• hf fiavinqs can be considered aa either "actual" 
Engine weight saving, v. t-hat could be achieved 

weight reductions essociated with chang 

with oomEOnents In- the current Bypass ratio and 

posslhle If the engine cycle " cal- 

pressure ratio are eorneceasary to consider the 

e^\:r:;ier;eel^re weight reduction goal. 


Total Engine Weight (TEW) 

Eliminate Seal Plate 

Reduced weight of Redesigned HPT Disk 
Total weight Reduction (TWR) 

Total Engine Weight Reduction 


= 722 lbs 
= 3.^ lbs 
*4.3 lbs 
*7.5 lbs 

TWR _ I 4 X 
“ TEW ■ 7l2 
a 1.04 percent 


Manufacturing Costs 

„ ir.:z 

uncooled DS turbine bla ' ^ , , percent. Two major 

TPE731-3 assoTlated with this proposed change: 

manufacturing cost factors ar 

o Direct manufacturing cost savings to the HP turbine stage 
from material and component design changes. 


■.W 

rj 
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Savings achieved- bx_pptimi zing the engine cycle param- 
eters to reduce the core engine size and weight. 


^rect Costs - The uncooled (solid) DS castings are higher 
yield, less expensive castings that, requixe less, machining than 
the conventional cooled, (cored) TPE731-3 HP turbine blades. 
Figure 110 shows, a relative cost comparison between the conven- 
tional cooled INIOO- HPT blade used in the_TFE731-3 Engine and the 
MATE DS- blade designed In this project for the TFE731 Engine. The 
changes in configuration and processing will yield a _1. 5-percent 
engine manufacturing cost savings for production quantities. By 
redesigning, the HP turbine disk to utilize the stronger 
MAR-M 247 DS blade material in the rim area and. incorporating a 
stronger disk material (such as Rene' 95), a 23-percent weight 
savings can be realized.- This weight/cost savings is offset, how- 
ever, by a 41-percent increase in raw material cost which results 
in no cost savings for the disk redesign. Since the redesigned HP 
turbine, blades and disk no longer require cooling, the entire cost 
associated with the HP turbine seal can_be eliminated resulting in 
a 0.4-percent savings. Thus, a direct manufacturing cost savings 
of 1.9 percent can be realized by optimizing the HP turbine sec- 
tion to fully., utilize the characteristics of the uncooled 
DS MAR-M 247 turbine blades. 

Optimized Engine Costs - Table LXVI summarizes the change in 
cycle parameters for the TFE731-3 Engine with DS blades. The 
optimized cy^:le must be incorporated to fully utilize the charac- 
teristics of the DS turbine blades. 
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PERCENT OF COOLED IN100 HPTB COSTS 



PRODUCTION MATE DS 

TFE731-3 TFE731 

HPT BLADE HPT BLADE 


(COOLED IN 100) . (SOLID MAR-M 247) 


Figure 110. Relative Blade Costs of the TFE731 HP Turbine 
Blade Production Versus MATE DS 


TABLE LXVI. 


CRUIS^THRll^S^iJi® FOR CONSTANT 

TURRTMP^S?&ftL^^ PWiLY UTILIZE THE DS 
TURBINE BLADES IN THE TFE7-3-1-3 



pteparsd. a cost/benefit analysis (NASA CR13526A, 

AS a part o£ the MATE Program Project 0 This a CR 135265 ) 

trat<^«? ^ ioject 0 . This document illus- 

ratio O h ^"^ine weight, with changes in bypass 

ratio, can be ap«osimated by the following relatioLhip: 


a;.e 

wf“ 


WE 

c 


( 

\ 


1 - 


SPRk 

oaseline 

new 


where ; 


WE 

WE 

c 

BPR 


- Engine Weight 
* Engine Core Weight 
= Bypass Ratio 


A weight breakdown for the Teptii i o i 
percent pounds of the total enginTw” Ih, " c": = 

thla data, plus the bypass ratio shown in Table LXv 7 Th‘‘ 
ioal model predicts th,t , „ analyt- 

realised by optimising thV engi„eTororbladlr‘ ThTs"'\"" 

the reality that as the bypass ratio is increlserat 'a" 

thrust, the sise of the core and all of its 1 

decrease. ^ components will 



The. coat model for engine scaling pureoses is simply: 


Cost is proportional to Weight 


This cost model is based on small weight changes from the baseline 
engine^ The calculated 21-percent weight savings is a very sig- 
nificant weight. change, and could be accomplished only with exten=^ 
siue redesign and technology changes- to the engine.. Therefore 
the cost savings would probably not be as sig.nif icant. as the 
weight reduction due to the added costs to incorporate advancexl 
technology components. The significant change- in core size would, 
however, yield cost-savings that would reduce the overall engine 
cost considerably more .than 1.3-percent. 

Total costs - Adding the cost savings due to cycle optimiza- 
tion (1.3 percent) to the direct manufacturing cost savings previ- 
ously discussed (1.9 percent), yields a total engine manufacturing 
cost reduction of at least 3.2-percent. 

Engine Maintenance Costs 


The engine maintenance cost is comprised of preventive main- 
tenance (inspection!, O'Lerhaul, unscheduled raaintentance .(repair 

of failures), and incorporation of service bulletins. 

The baseline costs for preventive maintenance, overhaul, and 
unscheduled maintenance are established from experience on similar 
applications. The incorporation of service bulletins is assumed 
to be 5 percent of the sum of the engine preventive maintenance 
cost, overhaul cost, and unscheduled maintenance cost.. 
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=0.1- and-the resuUam_e£feot 

eoat caaba dete^iaed by uaing aden^Lne cvarbaul. coat .odel tha^ 

“ a oomposita for. the eatlre_en 9 ine. _j;he basic 
model .for- engine overhaul cost (EOC) is: 


ECX: 


where; 


t. 

Module 


(BMOCX. 


/ BMTBO V/. ^ L 
I MTBO / ( + 3 


AMMC 1 V 
BMMC / 


— *--Baselj.ne module ovethani / 

one-third manuftctu?i„/cost) 

BMTBO = Baseline jiodule. time-between-overhaul 


MTBO 

MMC 

BMMC 


Module time-betweenr-overhaul 
- Module manufacturing cost 

Baseline module manufacturing cost 




ino unscheduled maintenance on cost, result- 
an enlTne *" ' «n be determined, by using 


ERC 


r 

Module 


(BMRC) 


( BMMTBF \ / 
MMTBF / y 


3 FaMMc ] \ 


where; 


1 + £ i 

4 bMMcJ j 



4 


BMRC 

BMMTBF 

MMTBF 


Baseline module repair cost 

Baseline module mean-time-betweeB-fallure 

Module mean-tlme-between-failure 


‘"fine blade with a 

solid uncooled blade naturally results in 

configuration. such items as T . 

as foreign object damage (FOB) , 
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recoattnfi,._particae — erosion, etc*,^ ar& more detrimental, to a 
cooled tur-bine blade -than a solid airfoils Also,._the reliability 
of the components^ supplying the blade cooling, air no long.er 
directly affects the blade life,. Conservatively,, assuming that 
this more rugged component will increase both the time-between- 
overhaul (TBO) and the mean-time-between-failure (MTBF) by only_10 
percent, the resulting change- in maintenance -cost can be calcu- 
lated as follows: 


Baseline-Maintenance Cost* 


Engine Inspection 


$ 60B X- lO' 


o 

Engine Repair 


804_X_ 

o 

Engine Overhaul 

3260 X 

o 

Incorporate Service Bulletins 

233 X 


Total Cost 

$4897 X 

POP = V in® ! 

/ MTBF Wi , 3 

r AMMC‘l\ 

■ 

1 1 1 w ^ V/ < 

1 

ll.l X MTBFi 1 4 

[ MMCjy 


if AMMC = 0** 


10 ’ 

10 ^ 


10 ’ 


ERC = 804 X 10® (1 + 0)j 

ERC-= $731 X 10® 

EOC . 53260 X 10^ I ^ 

if AMMC - 0** 


> 


*Based on 25-year life-cycle costs of the engines for a business 
jet fleet of 4000 aircraft, 

**Manufacturing costs actually decrease when the DS turbine blades 
are incorporated? however, for this analysis the manufacturing 
cost difference was assumed equal to zero. 


235 


EOC = $2964 X 10 ^ 
Revised-Maintenance Cos4:s 


o 

Eng in.e_Ln spec tlon 

$ 600 X 10® 

•> 

Engine Repair 

731-X 10® 

o 

Engine OverhauL . 

29£4-.X-10® 

o 

i ncor po r a te_Se r V ice_Bu 1 le tins 

233 X 10® 


Total- Costs 

S452a X- 10® 

Reduced 

Maintenance Costs = 4897 X 10 4528 

4897 X 10^ 

X 10® 


7.5 Percent 


CONCLUSIONS - 

A consistent process to- pjrodace solid_ directionally- 
solidified TPE731-3 high-pressure™ turbine blades using exo- 
thermically heated -molds- was developed at -Jetshapes, Inc. The 
process produced acceptable directional-grain structures in four 
alloys and -three turbine blade configurations-. The alloys were: 
MAR-M 247; MAR-M 200+Hf; IN 792+Hf.,.. and MSA-TM-.?* 

Stress-rupture sCreening^ tests at 1033.*K and 12S5— K (1400-F 
and 1800®F) on bars machined front DS. cast and heat treated blades 
of the four alloys showed- MAR-Jl 247 to be the- strongest of the four 
alloys and IN 792+Hf the weakest. 

A 1505“K (2250®F) solution heat treatment developed for DS 
MAR-M 247 improved the stress-rupture strength of the alloy over 
the baseline strength established with the 1494“K (2230®F) solu- 
tion treatment. 


Property data to provide turbine blade design data was gener- 
ated on MAR-M 247 , MAR-M 200-HHf, _and NASA-TRW-R as follows, with 
the bulk of the data generated on MAR-M 247. 

(1) Mechanical properties 

o Tensile tests in the range of room temperature to 

1144“K (1600*^) on bo±h longitudinal and trans- 
verse bars machined from blades. 

o Stress-rupture tests over thS temperature range 

of 1033'’K to 1311*K {1400® to 1900®F) on longi- 
tudinal and transverse bars machined from 
blades. 
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o Low=x 2 ycle-f atigue teats— at room temperature and 

1033**K (1400"F).. 

o High-cycle-fat Lgue testa at .room temperature and 

11445k (16Q05i") . 

(2) Ptiyslcal properties 

Ol_ — Thermal- exp_an.aion and thermal conduct ivity_over 
the-range of room temperature- to 1255®K (1800“ F) . 

6 Modulus of- elasticity in .the grain^-growth direc- 

tion, over the range of room temperature to 1144®K 
(1600®E) . 

(3 ) Environmental resistemce (bare and aluminide coated) 

o Dynamic oxidation resistance at 1310*K (1900*F) 

for 510 hours. 

o Hot-corroslon (sulfidation) resistance at 1200®K 

{i700®F.) tor 310 hours. 

A new solid high-pressure turbine blade was designed for the 
TFE731s3 Engine to maxiroi^e aerodynamic efficiency and- bl.=*de life 
using, directionally-solidified MAR-M 247- A new- turlilne nozzle 
aerodynamical ly. compatible with this blade was also designed. 
Minor redesigns were incorporated on other turbine components such 
as the disk, shrouds, nozzle retainers, etc., to allow testing in 
the— TFE7L31-3 Engine. 

Speciticatiens and 4icceptance criteria for DS MAR-M 247 tur- 
bine blades were developed and are included— as-App end ices A and B 
of this report. 
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Exothermic DS cast turbine -blades. of-MAR^M 247, MAR-M 2i)0+Hf, 
and NASA-TRWt-r were cast for engine testing. The NASA-TRW-R 
blades were eliminated from -engine testing consideration due to 
"hot tears"^ in the platform. 

Directionally-solidified blades of MARrM 247 and MAR-M 200+Hf 
were finish processed through machining and- coating, and were made 
available for TFE731 t 3 Ertgine_ testing. Other- turbine hardware 
required for the_ test was manufactured and assembled into a 
factory test engine. 

The incorporation of - solid DS MAR-M 247 . HP turbine blades 
into an optimized, cycle TFE731-3 Engine would result, in manu- 
facturing cost reductions exceeding the 3.2-percent Project 1 
goal. 

The incorporation of solid DS MAR-M 247 HP turbine blades 
into the existing TFE731-3 Engine with a redesigned HP turbine 
would reduce engine weight by 1.04 percent, exceeding the Project 1 
goal of i.g percent. 

Maintenance costs of a TFE731-3 Engine wi-th solid DS MAR-M 
247 HP turbine blades would be reduced 7.5 percent due to greater 
blade durability, exceeding the Project 1 goal of 6.2 percent. 

Engine test results and post-test evaluations are described 
in Volume II of this report. 
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APPENDIX- A- 

MAR-M 247 MATERIA/-.S SPEC2IPICATI0N 


1. APPLICA'fSON 

1.1 MAR-M 247 is a aast nicicel^bass supeif- 
alloy used for tuebine whee Is _ nozzles, and 
blades, at temperatures up to 1800*P. 

2. APPLICABLE bOGOMEMTS - - 

2.1 The following- documents form & part 
of this Specification to the extent refer- 
enced herein. 

2.1.1 AiResearch Specifications 

EMS5230a Classification and Inspec 

tion of Castings . 

EMS5233C Master Heat Preparation of 
Nickel-Base Alloys 

MCS014 Marking Requirements 

CS04I Surface Cleaning Treatments 

for Corrosion— and Heat- 
Resistant Alloys. 

2.1.2 . Jierospace Material Specification 

AMS 2280 'frace Element Control. 

Nickel Alloy Castings 

3. TECHNICAL REQUIREMENTS 

3.1 Composition Suggested Aim Range 


Carbon 

Chromium 

Molybdenum 

Tantalum- 

Alvuninisa 

Titanium 

Hafnium 

Boron 

Zlrconiunr 

Cobalt 

Tungsten 

Manganese 

Sulfur 

silicon 

Xrdn 

Nickel 


0.15 

8.25 

0.70 

3.00 

5.50 

1.00 

1.50 
0.015 
0.05 

10.00 

10.00 


Remainder 


0.13-0.17 
8.00-8.80- 
0.50-0.80 
2.80-3.30 
5.30-5.70 
0.90-1.20 
1.20-1. SO 
0.01-0.02 
0.03-0.08 
9.00-11.00 
9-50-10.50- 
0.20 Max. 
0.015 Max. 
0.20 Max. 
0.50 Max. 
Remainder 


3.5 Separately east test bars shall be 
cast frCm -every master heat and-tesred. 

3.5.1 If the oonflguraticn permits, test 
specimens shall also be machined from: cast 
parts . 

3.E.1.1- specimens- may be machined from any 
area of the. casting, unless -otherwise 
specified.. 

3. -5.2. Separately cast test bars may be 
either, cast to size or oast oversize and 
machined. 

3.5.3 Separately cast best bare shall be 
cast into the same, type of refractory mold 
as the castings for which the master heat 
is to be used. 

3.5.4 Any metal treatments, such as super- 
heating emd hot tapping, to be used oh 
castings.- shall also be used on separately 
cast test bars when qualifying the roaster 
heat for use in those castings. 

3.6 All castings, including separately 
cast test bars, shall be cast into molds 
utilizing mold inoculation as used for- grain 
size control. 

3.7 Castings shall be supplied in the 
as-cast condition. 

3.7.1 Cast parts shall be heat treated for 
20 hours at 1600 *F. 

3.8 Cast -parts after heat treat shall have 
a hardness of HRC 30-40. 

4. PROCESS CONTROL 

4.1 Castings shall be cleaned in accordance 
with. AiResearch Specification C5041 as 
required . 

4.2 Heat treatment shall follow al.l other 
thermal expo sure >- e. g. , coating and brazing 
operations, which may occur during processing 
of parts. 

5. INSPECTION 


3.1.1 Trace elements shall be controlled in 5.1 All castings shall be visually, pene- 
aocordance with AMS 2280, Class 2. trant-, and X-ray-inapeoted in accordance 

with EMS52300. 

3.2 Production of master heats, remeltlng of 

master heats and pouring of castings shall be 5.2 The supplier shall perform all testing 
accomplished under vacuum. for conformance to chemical limits. 

3.3 A master heat shall be made from EMS52330,5.3 The supplier shall perforin all 


Class I material. 

3.3.1 When specified, a master heat may be 
made from Class III material; 

3.4 Castings shall be poured only from re- 
melted master heat metal. 

3.4.1 A master heat .^s previously refined 
metal of a single furnace charge. 


mechanical-property testing. 

5.3.1 Test specimens shall be heat treated 
for 20 hours at 1600*F prior to testing. 
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5.3.2 For muchanical.^prQpi»rcy testing r_ 
separate-ly oast test specimens ohaLl have a 
0.23-inch^diamatoe-gauge section 1 inch long 
between r.'^dil. 

6.3.3 Tensile testa shall be peffocmad 

with- a strain rate of 0.005 inch par inch 

per minute through the yield pointy at 

which time the strain rate may be increased 
to a cross head speed of 0.2 inch per 
minute. — 

5.3.4 Stress-rupture test specimens shall 
be tested under a. constant stress of 
105..000 psl at d temperature of 1400 (+55p.) . 

5.3.5 ^.iresh-rupture test specimens shall 
be tested under a constant stress of 
29,000 psi at 1800-+5»F. . 

6- IDENTIFICATION AND PACKING 

6.1 Each casting shall be identified, with 
part number and master heat number in 
accordance with specification MC5014. 

7. APPROVAL OR PROCUREMENT 

7.1 To assure uniformity of quality, 
sample castings from new or reworked 
master patterns shall be approved by the 
purchaser . 

7.2 Supplier shall use the same easting 
technique, including rate of cooling after 
casting, and, if heat treatment is speci- 
fied, the same heat-treating procedure for 
production castings as for approved sample 
castings. 

8 . REPORTS 

8.1 The supplier of castings shall furnish 
with each shipment a report listing the 
results of the mechanical-property tests, 
results of the chemical analysis, and a 
statement that the castings conform to the 
requirements of this specif icatioh. 

8.1.1 This- report shall include the purchase 
order number , master heat number and code 
symbol, if used, material specification- number 
and its revision letter, part number, and 
quantity from, each heat. 

8.2 The supplier of finished or semifinished.. 
parts shall furnish with each shipment a 
report 8hov;ing the purchase order number, 
materials specification number, contractor 
or other direct supplier of castings, p«t 
number, aijd quantity. 


8.2.1 Whan castings for making finished or 
semifinished parts are produced or purchased 
by the parts supplier, the parts supplier 
shall inspect castings from each master heat 
or master heat lot represented and shall 
include in the report a statement that the 
castings conform, or shall include copies of 
laboratory reports showing the results of 
tests to determine conformance. 

8.3 The supplier shall state in the report 
the relative- proportion of revert or virgin 
material used in preparation- of the master 
heat. 

9 . QUALITY CONTROL . 

9.1 Castings shall be uni£orm_in quality 
and condition, sound, and free- from foreign 
materiale and from internal and external 
imperfections in excese of-those allowed in 
EMS52300 for the specific class and grade. 

9.2 At the option o£ AiResearch, a casting 
shall be selected from any castings received 
and shall be inspected in accordance with 
the applicable requirements for that- part. 

9.3 Parts and material not conforming to 
the requirements of this specification 
shall be rejected. 
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APPENDIX B 


ACCEPTANCE STANDARDS FO R DIRECTIONALIi Y’-BOLIDI FIED- T?U RBINE BLADES . 


1. APPLICATION 


1.1 This specification establishes the 
acceptance standards for directionally 
solidified MAFt-M 247 turbine blades. 

1.1.1 MAR-M 247 is a cast, nickel'base 
superalloy used for turbine wheels, 
nozzles, and blades at temperatures up 
to IflOOT. 

1.1.2 When cast directionally solidified 

there is a significant improvement in 
creep-rupture properties as compared to 
conventionally cast material. 

2, APPLICABLE DOCUMENTS 

2..1 The following documents form a part 
of this specification to.the extent refer- 
enced.- herein. 

2.1.1 AiResearch Specifications 


EMS55447 Nickel Alloy Castings, Invest- 
ment, Corrosion - and Heat 
Resistant, HM-0011 {MAR-M247) 


2.1.2 Military Specifications 

MIL-I-6866 Inspection, Penetrant Method of 

MIL-I-25135 Inspection Materials, Pene- 
trant 

MlL-STD-00453 lUidiographic Inspection 
2.1.3. Aerospace Material Specif Ications- 
AMS 2280 Trace Element Control 

3. TECHNICAL REQUIREMENTS 

3.1 Composition 

3.1.1 Chemical composition shall be in 
accordance with EMSS5447, with trace 
elements in accordance with AMS 2280, 

Class 2. 

3.2 Master Heat Requirements 

3.2.1 Castings shall be poured only from 
remelted master heat metal. 

3. 2. 1.1 A master heat is previously re- 
fined metal of a single furnace charge. 


3.2.2 The master heat ahall be in 
accordance with BMSS2330 _Class I. 

The use of gatee, spruee, risers, or 
rejected castings is not permitted, 

3.2.3 Remelting of master heats and pouring 
of castings shall be accompliahed under 
vacuum. 

3.2.4 Master heats shall be qualified by 
testing specimens machined from blades. 

3. 2. 4.1 If the blade design does not 
allow specimens to be machined from it, 
then blades P/N 3072111 shall be cast 
along with the other blades and test spe- 
cimens shalX-.be~machlned from these blades. 

3.3 Grain- Orientation 

3.3.1 Prior to removal of DS starter 
material, each blade shall be chemically 
etched for a time sufficient to lightly 
reveal the grain orientation.- - 

3. 3. 1.1 Etching procedures and recommended 
etching solutions are shown in Appendix I. 

3.3.2 The leading and trailing edges 
shall consist of a single grain with no 
grain boundary intersection (termination) 
at the leading and trailing edges. 

3.3.3 Columnar grains shall be parallel 
within 15® of the major axis of the airfoil. 

3.3.4 Divergence or convergence between 
any two columnar grains shall be less 
than 20®. 

3.3.5 The airfoil midspem chord shall consist 
of a minimum of 5 grains, with no single grain 
exceeding 40% of the width. 

3.3.6 
blade . 


No equlaxed grains are permitted in the 


3.3.7 All columnar grains which extend into any 
part of the finished casting dimensions must 
originate within a chill zone no greater than 
3/16 inch above t.he chill block surface. 

3,4 Heat Treatment 

3.4.1 All blades shall be solution heat treated 
prior to any abrasive blasting operation after 
removal of the castings from the mold. 

3. 4. 1.1 Solution heat treat blades at 
2250*F +10® in vacuum for 2 hours. Blades 
shall be rapid inert gas cooled to below 
1800®F, 

3.4.2 Following si lution heat treatment, blades 
to be -tested shall be given a simulated coating 
cycle of 1800®P +25 for 5 hours and still air 
cooled, followedijy aging at 1600 ®P +25 for 20 
hours . “ 
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13,5 Mctallographlc Inspnctlotv. 


3.5.1 h blade from each heat treat lot shall 
be metallographically examined for incipient 
melting and garoma-prirae uolutioning, for 
information only. A 500X photomicrograph of 
a representative area shall be submitted to 
AiRosearch Receiving Inspection for trans- 
mittal to Materials Engineering. 

3.6 Mechanical Properties 

3.6.1 Tensile test specimens/ machined from 
fully heat treated blades, tested at room 
temperature shall meet the following 
minimums : 

Ultimate tensile strength (ksi) 140 

0.2 percent yield strength (ksi) 120 

Elongation (percent in 4D) 7.0 

Reduction of area (percent in 4D) 7.0 

3.6.2 Stress-rupture test specimens 
machined from fully heat treaced blades, 
tested at a. temperature of 1400*F +5® and a 
stress of 105,000 psi shall have a minimum 
life of 80 hours. 

3.6.3 Stress-rupture test specimens mach- 
ined from fully heat-treated blades tasted 
at 1800*F *5* and a stress of 30,000 psi 
shall have a minimum life of 60 hours. 

3.7 Surface condition 

3.7.1 The maximum depth os intergranular 
attack allowable after any processing is 
0.0005 inch. 

3.7.2 Blade Surfaces shall show no evidence 
of recrystallization, alloy depletion, or 
carbide oxidation. 

4 . PROCESS CONTROL 

4.1 Cooling rate from solution-heat-treat 
temperature shall be sufficiently fast to 
meet mechanical properties. 

4.2 Solution heat-treat furnaces shall 
be qualified by the casting supplier and 
approved by AiRosearch. 

4.2.1 To qualify a furnace, the casting 
supplier must heat treat a minimum of 15 
blades in a furnace loaded to the maximum 
production heat treat capacity, and test 
to the mechanical-property requirements 
(five blades por condition) . A simulated 
load by weight may be used. 


S. INSPECTION 

5.1 Visual Inspection - All blades shall be 
Inspected in accordance with Table 1. 

5.2 Fluorescent Penetrant Inspection 

5.2.1 All blades shall be processed per 
MIL-1-6866 with a Group V or VI level 
penetrant per MIL-1-25135. 


5.2.2 Fluorescont penetrant indications 
shall be correlated with the allowable 
visual imperfections and the accept/ 
reject criteria of Table II. 

5.2.3 Evaluation of smeared or unsharp 
indications may be performed by wiping 
the indication one time only with a swab 
or brush dipped in solvent, 

5.3 Radiographic Inspection - All blades 
shall be radiographically inspected per 
MIL-STD-00453 to the acceptance standards 
defined in Table HI. 

5.4 Master heats shall be tested by the 
casting supplier for conformance to 
chemical limits. Chemical tests shall be 
performed on a blade cast from the 
master heat. 

S.4.1 Overall chanistry may be determined 
at any location within the blade. Hafnium 
shall be determined at both the tip and 
the root of the blade. 

5.5 Master heats shall be tested by the 
casting supplier for mechanical properties. 
A minimum of three specimens for each test 
condition shall be tested. 


5.6 The casting supplier shall test two 
blades from each aolution-heat-treat lot, 
one in tensile and one at the higher tem- 
perature creep-rupture conditions of 
EMSS2332, to verify conformance to the 
mechanical-property requirements . 

5.7 A sample from each heat-treat lot 
received shall be inspected by AiRosearch 
for intergranular attack, recrystallizatior, 
alloy depletion, and carbide oxidation. 

6. IDENTIFICATION AND PACKING 

6.1 Each casting shall be identified with 
part number and master heat number in 
accordance with specification MCSC14. 

7. APPROVAL OR PROCUREMENT 

7.1 Approval of the supplier's fixed 
process and process changes shall be in 
accordance with EMS52332. 

8 . REPORTS 

8.1 The supplier of castings shall furnish 
to AiRosearch Receiving Inspection with each 
shifmant a report listing the results of the 
mechanical-property tests for each 
solution-heat-treat lot and master boat, 

the results of the chemical anal y sin from 
one casting per master heat representing 
the part number shipped, and a iitntemont 
that the castings conform to the require- 
ments of this specification. 





5.1.1 This repoct ihall inslud« tho puc- 
chasa Older numbdr, raaeter heat number and 
code symbol, if used, solution’-heat-treat 
number, material specification number and- 
its revision letter, part number, and 
quantity from^each heat. 

8.2 The supplier of finished or 
semifinished parte ehall furnish with 
each shipment a report showing the 
purchase order number,, materials 
specification number, conti^actor or 
other, direct supplier of. castings, part 
number, and quantity, _ 

8.2.1 When castings for malting parts are 
produced or purchased by the parts supplier^. 
the parts supplier shall inspect eastings 
from each master heather master' heat lot 
represented and shall include in the report 

a statement that the castings conform, or 
shall include copies of laboratory reports 

showi.';g the results, of tests to determine 

conformance. 

9. QUALITY CONTROL 

9.1 Castings shall be unirorm in quality 
and condition., sound, and free from, foreign 
materials and from internal and external 
imperfection In excess of those allowed In 
this specification. 

9.2 All parts received by AiResearclr 
after approval of the supplier's fixed 
process shalL be sampled in accordance 
with an established statistical control 
plan. The sample shall be submitted to 
Materials Engineering on a CMR for 
mechanical-property testing, verification 
of chemistry, metallographlc examination, 
and Inspection of surface condition. 

9.2.1 Failure to meet the fixed, process 
established control limits indicates prob- 
ability of a fixed process- change. (See 
Approval or Procurement section.) 

9.3 Parts and material not conforming to 
the requirements of this specification 
shall be rejected. 
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TABtE I. VISUAL ACCfaW/uJCE CRITERIA 


(X) 

(2) 

(3) 

(4) 

(5) 

( 6 ) 
(7) 

(84 



VISUAL IMPERFECTIONS 

(7)(9) 



■ 

NEGATJCVES 

P43SITIVES (3) (5) (6! 

NON interpre- 
table (1) (2) 



Depth 

KSBH 

Height 

Max. of. 5 per. . 
.25 X .25 
area. 

1 

.010 

.010 

.010 

H 

B 

.015 

(4) 

.010. 

.020 

.005 

Max of 10 per 
.25 X. -25 
area. 

PLA 

TFOfWS 

.010 

.010 

.020 

,005 

Max. of 5 per 
.25 X .25 - 
area. 

BASE 

AS 

CAST 

(8) 

(8) 

(8) 

(8) 

(6) 

(S) 

(8) 

MACH- 

INED 

.010 

.010 

M/A 

N/A 

Max. of 5 per 
.25 X .25 area 


Generally porosity, concentrated in local areas with no individual indication exceeding 
.010 dia. X .010 depth. 

Limited to 2 areas per sur-face. . 

.OIG parting line allowed in fillet radii, .003 max. on leading ^d trailing edges. 

A cluster of these indications not to exceed .125 dla. and should be separated by .25 of 

A'^cluster of these indications should not exceed 5 per .25 x .25 area and 2 areas per 
surface. , . 

Gate witness of .030 allowed on stock added surfaces. 

Thru or like imperfections appearing on opposite .sides are not acceptable providing they 

are interpretable. 

Indications which will be removed in machining are acceptable. 

Linear, cold shut, or crack-like imperfections are not acceptable. 
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TABLE i: 


AREA 


FUJOBESCENT PEHETRAtWL ACCEPTW.CC CRITERIA- 

■ j penetrant 

INnlVID'JALl IHTERt RE- 

8LEE0 OUT I TABLE (1) \^) 


.010 5 per 

.2S X .2S area . 


,030 Max. oC-10 per 

Dia. (5) *25 X .25 atea- 


platforms 
BASeH A£ 


.030 Max. of S- per 

Dia. (5) . 25 X . 25- area. 


Max. of. 5 per 
.25.X.25 area 


, 1 , po„.ltv. i. loc.l ..... wUH no indivi.a.1 indic.i.n .xcdl.d 

,010 dia. X .010 depth. 

!5i nyl tS^^rr/ecLrnrfp^Uing on opposite sidea are not acceptable providing they 

Is! HicHH^^^ese1ik«tio^^not'to”:«^^ ^ eeparated by .25 

(6) LinSr? cold 'shut, or crack-like imperfections, are not acceptable. 

TABLE III. RADIOGRAPHIC ACCEPTAMCE CRITERIA. 


BLADE 

AREA 


RADIOGRAPHIC INDICATIONS 



Round 
or oval 

Limits 

Spacing 
Factor ( 2 

.020 

2 areas per 

5 X 

blade 


.040 

(1) max. of 3 
per blade 

2 X 

.020 

2 areas per 

5 X 

surface 



(1) Maximum of two at a Jeterroined by circumscribing a circle around 

;t:‘r4r!n3Lr«rii <•=“-■ 
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ACID ETailMQ MEHIODS 


TMtf. appendix oCEers. alternate methods Cor etching cast blades pilot to inapeclion, These 
otolUng. methods ace utilized to accomplish two p^uposesi (L) to obtain an etch-sufficient 
to expose 9 tain boundatias prior to ifiacrograin inspuctioa< and (2) to obtain a cleaning] 
etch. When specified, the cleaning etch shall be used. prior to £luorescent*penetrant 
Inspection. 

CAUTION i Mixing of solutions and etching of parts must be accomplished in an area with 
adequate exhaust ventilation, as toxic fumes are liberated from the etchants. 

Method 1 


Etching Solution; 


Muriatic Acid. (20* Be) 

loo cal. 

Approx 1 liter 

80 gal 

757 ml 

Anhydrous Ferric Chloride,. FeCl. 

135 lbs 

154 g 

Nitric-Acid (42* Be) 

2 gal 

19 ml 

Water - 

11-gal 

106 ml 

1 Add ferric chloride. to muriatic acid. 

2 Add. nitric acid. 

Allow to 

dissolve. - 


3 Add water,- 

a) A new. solution aha \ 1 tv» prepared' when a suitable etch is not obtained within 
12 minutes. 

b) Do not replenish -to maintain volume, 

Prcced'ure t 


1. Load parts in etching basket, keeping level below basket rim, 

2. Xnunerse parts-basket in etching solution maintained at room temperature (75-100'P). 

3. Check progress of etch after 6 minutes and every 2 minutes thereafter by removing 
one casting, rinsing, and visually inspecting progress of etch. Once the etch 
time required is established for tnat particular run of castings, the following 
loads can be run without checking. Typical etching time is S-10 minutes. 

a) Immersion, time foe cleaning etch shall be 20-30 seconds. 

4. Remove from etching solution and rinse in clean, cold water. 

5. Immerse in alkaline cleaner solution for 3 minutes. 

6. Remove from cleaner and rJ.nse in clean, cold water. 

7. Ai.r-water nozzle scrub each individual casting clean. 

8 Blow loaded basket free of excess water with air only. 

Me thod 2 


I Etching Solution; 


Muria.tic acid (20* Be) 
Glacial acetic acid 
Nitric acid: (42' Be) 
Ferric chloride 


90% by vol 
S% by vol. — 
5% by voL. 
to saturation 


Approx 2 liters 
(1615 ml) 

(85 ml) 

(85 ml) 
(12.5 lbs) 


1. Add acetic aeid.-to muriatic acid while cautiously agitating the mixture. 

2. Gently heat the mixture and add sufficient ferric chloride to raise the boiling 
point to 150-160“F. 

3. Cool saturated solution to<100*F, then cautiously add nitric acid while agitating 
the etchant. CAUTION; Never add nitric acid to the etchant when temperature is 
above 100* F. 

a) The etchant shall be discarded when the etching time requires more than two 
minutes to delineate the macrograin structure. 


Vxocedur.e .1 

I. . -pack parts in suitable tray or baekat so that alrfoixs do not come in contact with 
each other. 
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Inunarao in acid etchant (ISO HO»P) «or a minxraum length ««, 

grain structure visible to una-ided eye. Maxiroum exposure tiros in . 

Ihall L llmUad to two minutes. The sichant or parts shall be-agltatcd to aid 
In obsainlng uniform etching and to mitvlmlze the exposure time. 

Immersion tiros for cleaning etch shall be 10**20 seconds. 


a) 


3 . 

4. 


5 . 

6 . 


Rinse thoroughly in running tap water. Hand 

Dftsmut by inunersing In concentrated nydrogen peroxide 3S 

Vi..neH i,‘-watec DOwer flush-surfaces of the etched parts to remove residual 


brush or air-water power flush-surfaces 
smut. 

Rinse in running tap water. 

Rinse in hot. tap water and dry. 


Method 3 


BtcRing Solution! 

Muriatic acid (20* Be) 
Hydrogen Peroxide (30-35?6) 


9W6 by vol.. 

1051 by volt (or sufficient quantity 

to obtain a satisfactory 
etch) 


1. Add hydrogen peroxide to- muriatic acid, while cautiously agitating the mixture. 

a) Make up solution Just prior to usage. 

b) Whenever possible, the etching solution container should be immersed in a tap 
water rinse tank for the purpose of dissipating the heat liberated during the 
etching process, so that an etching time cycle can be established. 

c) The etchant shall be discarded when the etching time requires more than five 
minutes to delineate the macrograin structure. 


Procedure $ 


1. Pack parts in suitable tray or basket so that airfoils do not come in contact with 

2. I^ierse in' acid etchant maintained at room temperature (75-lOO*P) for a minimum 
length of time (5 min. max.) to bring macrograin structure visible to unaided eye 
when inspecting for grain size and casting irregularities. 

a) iiiunersicn time for cleaning etch shall be 10-25 seconds. 

3. Rinse in running tap water. Hand brushing or air-water power flushing may be 
reciuired if residual smut is not removed during the rinse cycle. 

4. Rinse in hot tap water and dry. 
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16. Abstract - 


A low-cost process for manufacturing high stress-rupture strength directionally- 
solidified high-pressure turbine blades was successfully developed for the TFE731-3 
Turbofan Engine. This development was the result of Project 1 of the Materials tor 
Advanced Turbine Engines (MATE) Program, a five-year cooperative Government/Industry 
effort. The goals of this project were to; (1) reduce engine specific fuel consump- 
tion (SPC) at least 1.7 percent; (2) reduce engine manufacturing costs at least 3.2 
percent; (3) reduce engine weight at least 1 percent; and (4) reduce engine mainte- 
nance costs at least 6.2 percent. These benefits were anticipated by the substitution 
of solid, uncooled directionally-solidified turbine blades for hollow, cooled, 
equiaxed-grain, turbine blades. 

Task I established the basic processing parameters using MAR-H 247 and employing the 
exothermic directional-polidif ication process in trial castings of turbine blades. 
Task II evaluated the nickel-based alloys MAR-M 247, MAR-M 200+Hf, IN 792+Hf, and 
NASA-TRW-R as directionally-solidified cast blades. Task III further evaluated the 
three alloys with the highest stress-rupture strengths. In Task IV a new turbine 
blade, disk, and associated components were designed using previously determined 
material properties. Task V manufactured sufficient DS blades and other hardware for 
the required engine testing. Task VI subjected exothermically-cast directionally- 
solidified turbine blades of MAR-M 247 and HAR-M 200+Hf to engine test. Task VII 
analyzed the engine test results and compared the results to the originally estab- 
lished goals. — 

Results of Project 1 showed that the stress-rupture strength of exothermically 
heated, directionally-solidified MAR-M 247 turbine blades exceeded program objectives 
and— that the performance and cost reduction goals were achieved. 
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